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Abstract
A material that is enabling integrated optics is the ferroelectric crystal
Lithium Niobate (LiNbO3), which has excellent electro-optical, acousto-
optical and nonlinear optical properties. Moreover, it can be doped with
laser-active ions and allows for simple fabrication of low-loss optical
waveguides.
The broad aim of this work is to develop and introduce advanced
micro- and nano-fabrication techniques for LiNbO3 and a new class of
integrated based telecommunication and sensing devices. The techniques
developed include precise micro-domain inversion, etching, bonding and
thin film fabrication.
From a device point of view, domain inversion is used to improve
the electro-optic response of LiNbO3 waveguide modulators in terms of
bandwidth and driving voltage. With respect to standard single-domain
structures, larger bandwidths and lower driving voltages can be obtained,
thus achieving figure of merits for the electro-optic response that are up
to 50% larger. As a demonstration, a chirp-free modulator, having 2V
switching voltage and bandwidth of 15 GHz, was fabricated by placing
the waveguide arms of a Mach-Zehnder interferometer in opposite do-
main oriented regions. The modulator could be driven in a single-drive
configuration with inexpensive low-voltage drivers, e.g. a SiGe based RF
amplifier, typically used for electro-absorption devices.
A further aspect of this work focuses on the development of devices
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for the precise measurement of strong electric fields, which are typically
generated in power stations and transmission lines. Therefore, two new
integrated electric field sensors are proposed, each of which exploits the
aforementioned micro-fabrication techniques. The first device is based
on a proton-exchange waveguide at cut-off, centered on a few microns
wide domain-inverted region in a z-cut LiNbO3 substrate. The sensor’s
performance is demonstrated by detecting DC fields up to 2.6 MV/m and
high-frequency (1.1 GHz) fields ranging from 19 V/m to 23 kV/m. The
second proposed device is fabricated by direct bonding a z-cut LiNbO3
substrate on top of a cut-off proton-exchanged waveguide centered on the
domain-inverted region. It is possible to detect electric fields as high as
2 MV/m at low frequency with improved sensitivity compared to the pre-
vious device. These features make the devices suitable for use in high
electric field and harsh conditions without endangering the operator.
The conclusions section of the Thesis presents possible future deve-
lopments which will contribute to increase the impact of the work in the
optical telecommunication and sensing industries.
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Resumen
Uno de los materiales que permite el avance de la tecnologı´a de dispo-
sitivos o´pticos integrados es el niobato de litio (LiNbO3). Se trata de un
cristal ferro-ele´ctrico, con excelentes propiedades electro-o´pticas, acusto-
o´pticas y no lineales. Adema´s, es posible fabricar guı´as de onda de bajas
pe´rdidas mediante las te´cnicas de intercambio proto´nico (PE) y difusio´n
de titanio.
El objetivo principal de este trabajo es el desarrollo y la introduccio´n
tanto de las te´cnicas avanzadas de micro-nano fabricacio´n para el nio-
bato de litio como de nuevos dispositivos o´pticos integrados para las co-
municaciones o´pticas y la deteccio´n de campo ele´ctricos de alto voltaje.
La te´cnicas de fabricacio´n desarrolladas incluyen inversio´n de dominios
mediante la te´cnica de poling de alto voltaje, grabado, bonding y capas
delgadas.
Desde el punto de vista de los dispositivos, la inversio´n de dominios
ha sido utilizada para mejorar la respuesta electro-o´ptica de los modu-
ladores en LiNbO3 en te´rminos de ancho de banda (BW) y voltaje de
control (V). En comparacio´n con los moduladores comerciales actuales
de un u´nico dominio, con esta te´cnica es posible obtener mayores anchos
de banda y menores voltajes de control resultando en un aumento del 50%
del producto BW=V. Para demonstrar la eficacia de la te´cnica desarrol-
lada, se ha fabricado un modulador Mach-Zehnder chirp-free poniendo
los brazos del interfero´metro en dos regiones de dominios opuestos. De
las mediciones efectuadas se han obtenidos valores de voltaje de control
de 2V y ancho de banda de 15 GHz. Estos resultados muestran que los
dispostivos desarrollados pueden reducir el coste total de funcionamiento,
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ya que permiten el uso de controladores econo´micos de Si-Ge que operan
en el rango de los 2V.
Otro aspecto de este trabajo se enfoca en el desarrollo de dispositivos
para medir, de forma exacta, altos campos ele´ctricos, que normalmente
son generados en las centrales ele´ctricas y en las lı´neas de transmisio´n.
Por este motivo, se han desarrollado dos sensores de campo ele´ctrico me-
diante las te´cnicas de micro-fabricacio´n anteriormente mencionadas. El
primer dispositivo esta´ basado en una guı´a fabricada mediante intercam-
bio proto´nico en LiNbO3 z-cut, disen˜ada a la frecuencia de corte y cen-
trada en una regio´n de dominio invertido de 10 micras de ancho y 10mm
de largo. El rendimiento del dispositivo se ha demostrado detectando
campos a baja frecuencia con amplitudes de hasta 2.6MV/m y campos a
la frecuencia de 1.1GHz con amplitudes desde 19V/m hasta 23kV/m. El
segundo dispositivo se ha fabricado mediante bonding directo de un sus-
trato de LiNbO3 encima de una guı´a PE disen˜ada a la frecuencia de corte
y centrada en una regio´n de dominio invertido de 10 micras de ancho y
10 mm de largo. El dispositivo se ha caracterizado a baja frecuencia y ha
sido posible medir campos ele´ctricos de hasta 2MV/m con un aumento de
sensibilidad comparado con el primer dispositivo fabricado sin la te´cnica
del bonding. Estos resultados muestran que los dispositivos desarrollados
pueden ser utilizados para mediciones de campos ele´ctricos intensos en
condiciones peligrosas sin ningu´n riesgo para el operador.
Despue´s de una breve introduccio´n en el Capı´tulo 1 de esta Tesis, las
propiedades del LiNbO3 se discuten en el Capı´tulo 2, prestando especial
atencio´n a sus caracterı´sticas o´pticas y electro-o´pticas. El Capı´tulo 3 pre-
senta las te´cnicas de micro fabricacio´n desarrolladas durante este trabajo
sobre sustratos de 3 pulgadas. En particular, se presentan las te´cnicas
de fabricacio´n de guı´as mediante intercambio proto´nico, de inversio´n de
dominios mediante poling de alto voltaje, de bonding de LiNbO3 con
diferentes sustratos (LiNbO3, SiO2, Si) y la fabricacio´n de capas del-
gadas. El Capı´tulo 4 ofrece una introduccio´n sobre los moduladores in-
terferome´tricos Mach-Zehnder de onda propagada, presentando sus prin-
cipales caracterı´sticas. Adema´s se presenta una nueva estructura de mod-
ulador basada sobre inversio´n de dominios y los resultados obtenidos. El
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Capı´tulo 5 empieza con una introduccio´n sobre los sensores de campo
ele´ctrico y despue´s se presentan dos nuevos sensores de campo ele´ctrico
completamente o´pticos fabricados en LiNbO3 z-cut. Los dispositivos
esta´n basados en las te´cnicas de intercambio proto´nico, inversio´n de do-
minios y bonding directo. Finalmente, en el Capı´tulo 6 se presentan las
conclusiones y posibles desarrollos futuros que pueden contribuir al au-
mento del impacto de este trabajo en las industrias de comunicaciones
o´pticas y de deteccio´n.
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Chapter 1
Introduction
This thesis is devoted to the design and fabrication of a new class of
lithium niobate devices for optical communication and sensing.
1.1 Optical communication and sensing mar-
kets in brief
Optical communication market
In the past few years, the need for high-speed end-to-end communications
is the principal factor driving photonics research forward. The global
demand for bandwidth has been nearly doubling every year (Fig. 1.1). Se-
veral new applications are responsible for this remarkable growth in data
transport, including video sharing sites, movie downloads, online gaming,
streamed television, etc. The recent introduction of ”cloud computing” -
delivering online computing services through remote data centers over
Internet - or network-based operating systems, such as Gloogle Chrome
OS, are examples of how innovation keeps increasing the data flowing
across the globe.
These new bandwidth-hungry applications present the research com-
munity with new technological challenges. Even if the actual data trans-
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port is performed optically, the switching logic is still implemented elec-
tronically. To compensate the high-speed data transmission, it is neces-
sary to break streams of bits into lower speed electronic data-paths, work-
ing in parallel. This corresponds to an increase of power consumption and
consequently to an increase of costs and emissions from electricity gen-
eration. It is thus essential to increase the spectral efficiency (bit/s/Hz)
and the energy efficiency (bit/s/mW) of devices used in the optical com-
munication systems. There is also an overall trend toward higher levels
of integration and more functionality on a single chip, so that power con-
sumption, size and cost can be decreased.
1.1.1 Optical sensing market
Market analysis indicates that optical sensing plays a critical role in niche
applications such as industrial (e.g. temperature, current/voltage), energy
and defense (e.g. gyro and acoustic sensors) as well as security, struc-
tural health monitoring and civil (Fig. 1.2). To take advantage of their
Figure 1.1: Router capacity nearly doubles every year. This rate of growth
is greater than the rate of increase of components on a chip according to
Moore’s law [1].
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overwhelming qualities and ensure widespread and commercial adoption,
companies need to lower their sensor system costs which include the sens-
ing elements, packaging, cabling and interrogation systems.
Figure 1.2: Optical Sensor Market [2].
It is clear that in this scenario the challenge for the next decade is not
only to improve what are already high-quality and low-cost components,
but above all develop fabrication techniques that will boost integration
processes with respect to speed, power consumption and the number of
basic building blocks it can support.
1.2 Integrated optics and micro-nano-structu-
ring of LiNbO3
The concept of integrated optics was first introduced in the late 1960’s.
It refers to the fabrication and integration of several components on a
common planar substrate. These components include sources, detector,
beam splitters, grating, couplers, polarizers, interferometers, among oth-
ers. Consequently, these elements can be used as building blocks to fab-
ricate more complex planar devices, which can perform a wide range of
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applications in optical communications, instrumentation and sensing - in
much the same way the electrical circuits form the backbone of integrated
electronics Fig. 1.3. The integrated photonic technology can be consid-
ered as the confluence of several photonic fields (dealing with the control
of light by electrons and vice versa) with waveguide technology. In fact,
optical waveguides are the key element of integrated photonic devices that
perform not only guiding, but also coupling, switching, splitting, multi-
plexing and demultiplexing of optical signals.
Figure 1.3: Integrated Optics as the result of the junction of various pho-
tonic disciplines and waveguide technology [3].
In the world of integrated optics for communications and sensing,
different materials are used. Dielectric materials such as silicon oxide
(SiO2), glass or polymers can be used to fabricate waveguides and passive
devices. Semiconductor compounds, such as GaAs, InP and Si, are used
in active devices, like lasers, modulators or detectors. But there is also
an important group of applications based on dielectric crystals: waveg-
uides, electro-optical devices, acousto-optical devices, or even waveguide
lasers and nonlinear frequency converters. Among them, the ferroelec-
tric Lithium Niobate (LiNbO3) crystal continues to be one of the premier
materials for integrated optics. This is due to its wide availability in high
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quality crystal wafers of several inches, relatively lowmanufacturing cost,
low losses, good stability and its excellent electro-optical, acousto-optical
and nonlinear properties. Moreover, mature technologies for the fabrica-
tion of optical waveguides in the material exist, namely titanium indif-
fusion and proton exchange. Being a ferroelectric crystal, LiNbO3 can
be micro-nano-engineered using electric field poling techniques, such as
electric field poling, thin film polishing, bonding and etching [4, 5]. In
that way unprecedented properties can be induced in the crystal structure,
thus offering the possibility of innovative photonic device designs.
1.3 Aims of the thesis
In the telecommunications market LiNbO3 is the material of choice for
electro-optical modulators. These devices can transform the electrically
generated data into light pulses, which can be sent into the optical net-
work. Existing commercial LiNbO3 modulators typically reach band-
widths of 10 to 40 GHz and use a driving voltage in the range of 4 to 6 V.
Nevertheless, they can be further developed to enhance the performance
of optical networks in terms of bandwidth, minimization of power con-
sumption and price of the driving equipment. Therefore, modulators with
very low driving voltages would allow using inexpensive control electron-
ics, thus making them suitable for operation in future access networks -
e.g. fiber to the home (FTTH). In addition, another challenge is to design
and develop more complex structures based on cascaded interferometers
that allow an increase in the spectral efficiency by using transmission
techniques based on new modulation formats, utilizing not only ampli-
tude modulation but also phase modulation schemes.
Optical current and voltage measurements are attractive alternatives to
electronics counterparts especially in hazardous and harsh environments,
for example the high voltage lines and transformers for electrical energy
transport. An optical approach presents intrinsic advantages, such as elec-
tromagnetic interference immunity, feasibility of electrode-free operation
6 Introduction
in an environment where there is a high probability of electrical break-
down. Several electro-optic crystals, such as bismuth germanium oxide
(BGO), bismuth silicon oxide (BSO), lithium niobate (LiNbO3), lithium
tantalate (LiTaO3) and potassium dihydrogen phosphate (KDP) have been
used to this end. However there is a need to improve the performance
(sensitivity, dynamic range and/or linearity) and integration or cost.
 The first task of this work is the development of advanced micro
and nano fabrication techniques to realize a new class of integrated
LiNbO3 devices. To this end, a big effort is put into the development
of electric field poling technique where the control of domain for-
mation and spreading is essential for efficient non linear interaction
in waveguides. A new proton exchange set-up for low-loss optical
waveguide formation over a 3” substrate is presented. Moreover, a
novel method for room temperature-bonding LiNbO3 with different
material substrate (e.g. Si, SiO2) is established. Likewise, precise
lapping and polishing techniques are developed. These techniques
lead us to fabricate a bonded structure where the LiNbO3 thickness
is of the order of 10 m.
 The second objective of the thesis is to use the advanced micro-
nano-fabrication techniques developed to make new integrated elec-
tro-optic modulator designs possible in LiNbO3, which are able to
increase the performance significantly, in particular very low driv-
ing voltages and large bandwidths. Several experiments were car-
ried out in collaboration with Avanex Corporation, now Oclaro Inc,
which is a world leading supplier of integrated electro-optic modu-
lators for the telecommunication industry.
 Another aim of the thesis is to introduce a new design of micro-
nano-structured LiNbO3 waveguides for electric field and voltage
measurements not requiring the use of metallic electrodes. The
work presented in the second part of this thesis was driven by a
proposed application of measuring high electric fields generated in
power plants and/or transmission lines. The group is collaborating
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with ABB, a major supplier of current and voltage sensors solu-
tions.
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1.4 Thesis Outline
The second chapter describes the basic properties of the material used in
the thesis work: Lithium Niobate (LiNbO3). This includes the properties
related to its ferroelectric crystal structure and the subsequent applica-
tions. Chapter three presents the micro-fabrication techniques, over 3
inch LiNbO3 wafers, developed at ICFO during this work. The chapter
begins with a description of waveguides fabrication by Annealed Pro-
ton Exchange (APE). The mid-part of the chapter outlines the fabrication
procedure for domain inversion using electric field poling technique and
liquid electrodes while the last part describes the bonding technique to
permanently join LiNbO3 with different substrates, namely Si, SiO2 and
another LiNbO3. Moreover, lapping and polishing techniques for thin
plate fabrication are presented. The forth chapter firstly introduces the
fundamentals and main characteristics of travelling-wave LiNbO3 Mach-
Zehnder modulators. Secondly, a new modulator design is proposed. It is
based on domain inverted LiNbO3, with improved performance with re-
spect to existing devices. The modulator characterization and the results
obtained from the new design are presented. The chapter five begins
with a literature review about DC and low frequency electric field optical
sensors. Afterwards, two novel all-optical electric field sensors are pre-
sented. Both devices are based on a proton-exchange, domain inversion
and bonding techniques. The sensors characterization, including the test
set-up and the performance results are discussed. Finally, in chapter six,
several conclusions on the thesis work and possible future work directions
are presented.

10 Introduction
Chapter 2
Lithium Niobate
2.1 Overview
Lithium Niobate (LiNbO3) is one of the most popular materials used in
Integrated Optics and it is the material of choice for the work contained
in this Thesis. It is an artificial material which was first synthesized in
1949 [6], which has an attractive combination of properties. It exhibits
enhanced surface acoustic capabilities, low optical propagation losses at
the telecommunication wavelengths, high non linear optical coefficients,
which allow efficient frequency conversion, and high electro-optical co-
efficients allowing fabrication of Mach-Zender modulators, electric field
sensors and other integrated optical circuits. For these reasons around 80
tons of LiNbO3 are produced every year, of which about 80% is used in
the industry of acoustics and the rest is mainly used in optics [7]. The
main properties of LiNbO3 are presented in the following sections, with
particular focus on those exploited in the present thesis work.
2.2 Growth of Lithium Niobate
The most common way for industrial growth of LiNbO3 crystals is the
Czochralski technique (Fig. 2.1a) in which a monocrystaline seed is im-
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mersed into a crucible containing a melt of lithium and niobium oxides
(Li2O and Nb2O5). The seed is stirred and removed slowly from the melt
and the material solidifies, due to the cooling, on the seed following its
original crystal structure. The molten Li2O:Nb2O5 system has the phase
diagram shown in Fig. 2.1b. In the diagram, there is a region in which a
unique phase of LiNbO3 exists ranging from a Li2O poor area (tempera-
ture dependent) to a Li2O rich area near the stoichiometric composition.
For this reason, LiNbO3 is not completely described by its chemical for-
mula but it depends on the fabrication parameters. Then, it is possible to
find two main types of LiNbO3: stoichiometric, which is represented by
its chemical formula; and congruent, which grows in the same composi-
tion as the melt, containing 48.45% mol Li2O and51.55% mol Nb2O5. In
the fabrication of waveguides by proton exchange or Ti in-diffusion, the
congruent constitution is widely used.
a) b)
Figure 2.1: (a) Schematic of a Czochralski crystal grow system, (b) Phase
diagram of the Li2O: Nb2O5 used to fabricate the LiNbO3.
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2.3 Crystal Structure
LiNbO3 has a trigonal structure, given by three-fold rotation symmetry
about its c axis and belongs to the point group 3m, as it shows mirror sym-
metry about three planes that are 60 apart from each other. The atomic
arrangement within the stoichiometric hexagonal unit cell, as it is shown
in Fig. 2.2a, consists of six formula weights with Li and Nb ions located
on the polar c-axis (crystal axis also indicated with z) and the O atoms
in general positions. Li occupies oxygen atom octahedra that shares faces
with adjacent similar octahedra on either side along the trigonal axis. One
of those octahedra is empty and the other one is occupied by Nb. The
triple octahedron is repeated, with alternating sequences having identi-
cal orientation, along the polar axis. The spacing between corresponding
atoms in alternate sequences forms the c-axis repeat [7]. At room temper-
ature the Nb ion is shifted 0.28 A˚ with relation to its octahedron center
and the Li ion is 0.67 A˚ shifted from its central position. This shifting,
in the same direction for both atoms, is responsible for the dipoles which
produce the macroscopic spontaneous polarization
 !
Ps of LiNbO3. There
are two equilibrium configurations for these shifted ions: either above or
below the octahedron center, which determines the polarization direction.
If this orientation is removed, the polarization disappears and the crystal
becomes paraelectric.
This happens above the Curie temperature which is, approximately,
1142C [9]. In a similar way, the inversion of the atom displacements
produces the inversion of the spontaneous polarization (Fig. 2.2b). The
physical tensor properties are described by Cartesian x,y,z coordinate sys-
tem. The convention that relates these coordinates to the hexagonal axis
is that the z-axis is chosen to be parallel to the c-axis. The x-axis is chosen
to coincide with any of the equivalent a-axes. The y-axes is then chosen
so that a right-handed system is specified, therefore it must lie in a plane
of mirror symmetry. The standard method of determining the direction
of the c-axis is to apply strain along the crystal the c-axis direction. The
+c-axis is defined as being directed out of the c face that becomes neg-
ative upon compression. In a similar way, the direction of the y axis is
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a) b)
Figure 2.2: (a) LiNbO3 unit cell, (b) Ferroelectric state of LiNbO3 [8],
where the position on the atoms of Li (red) and Nb (blue) are shown with
respect to the oxygen (green) planes. The resulting spontaneous polariza-
tion
 !
Ps is also indicated.
determined. Upon compression the +y face becomes negatively charged.
The sense of the x direction, however, cannot be determined in this way
because it is perpendicular to a mirror plane. Any charge movement on
one side of the plane is ”mirrored” on the opposite side, hence the x faces
do not become charged. This is important when working with LiNbO3
as the z-cut samples (whose surface is perpendicular to the z axis) show a
spontaneous charge and frequently attract dust and light particles. With x-
cut samples, though, this effect does not occur and there is limited surface
charge.
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2.4 Ferroelectricity, pyroelectricity and piezo-
electricity
As it was previously mentioned, the ferroelectric behavior of LiNbO3 de-
pends on the crystal structure. This means that the material exhibits an
inherent electrical polarization without any external field being applied.
This polarization can be not homogeneous, and the material can display
different states of polarization in different regions. Each one of these re-
gions of uniform polarization is called ferroelectric domain. To obtain
single domain crystal, the so-called poling process is used. It consists
on the application of an electric field (E) greater than a certain threshold
(coercive field Ec) across the crystal. This has the effect of forcing the
polarization into the direction of the applied electric field and therefore
forcing the crystal into a single domain structure. Typical values of P
and Ec for LiNbO3 at room temperature are of the order 0:72Cmm 2
and  21kV mm 1 respectively. LiNbO3 also belongs to a group of crys-
tals that include ferroelectrics. These materials are called pyroelectrics
and they exhibit a change in the spontaneous polarization as a function of
temperature. The relationship between the change in temperature, T ,
and the change in spontaneous polarization, 
 !
P , is linear and can be
written as shown in equation 2.1 where p is the pyroelectric tensor. This
effect is due to the movement of the lithium and niobium ions relative to
the oxygen layers.
Pi = piT p =
0@ 00
p3
1A (2.1)
Since this movement is only along the direction parallel to the c axis,
the tensor p has only one non-zero component. Moreover, pyroelectric
solids also belong to the larger group of the piezoelectric materials. A
piezoelectric solid exhibits an induced polarization with applied stress.
The relationship between polarization and stress is also linear and may
be written as function of the applied stress tensor d and the piezoelectric
tensor d as in equation 2.2, where i, j, k can be the coordinates x, y, z.
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Pi =
X
j;k
dj;kj;k i; j; k = 1; 2; 3 (2.2)
All tensors describing the physical properties of a crystalline material
must have, at least, the same symmetry as the material. This usually helps
to reduce the number of different terms in the tensors. In particular, the
piezoelectric tensor in LiNbO3 has only four independent coefficients.
2.5 Optical Properties
From the optical point of view, LiNbO3 is an anisotropic uniaxial crystal.
The relation between the electric displacement field
 !
D and the applied
electric field
 !
E is expressed as shown in equation 2.3.
Di = "0
X
j
("r)ijEj i; j = x; y; z (2.3)
Due to the crystal symmetries the relative permittivity dielectric tensor
" written with respect to a Cartesian frame presents non zero terms only
on the main diagonal and two of them are equal:
" = "0
24 "11 0 00 "22 0
0 0 "33
35 (2.4)
with
n2o = "11 = "22 n
2
e = "33 (2.5)
There are two main ways to measure the dielectric constant of a ma-
terial. On the one hand, we have the free (unclamped), measurement in
which the stress of the crystal is zero. In this case, low electrical frequen-
cies are used, below the mechanical resonance frequency, as the strain
can follow the oscillation of the electric field. This is usually measured in
the range of 100 kHz. On the other hand, we find the clamped measure-
ment, for which the strain is zero. In terms of electric field, this happens
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if the frequency is above the resonance and the structure cannot follow
the electric field oscillation. This is the interesting range if we consider
microwave applications. When optical frequencies are taken into account,
the permittivity tensor has the same structure although, in this case, the
most used physical magnitude is the refractive index.
Figure 2.3: Extraordinary and ordinary refractive index of the LiNbO3
crystal as a function of the wavelength for T = 25C.
Nevertheless, the refractive index for the microwaves (GHz range) and
for the optical frequencies (100 THz range) obviously differs due to the
material dispersion. For optical waves propagating through the medium,
the refractive index to be used is given by the polarization of the optical
field. In that case, the light polarized in the direction of the c axis (called
for this case optical axis) shows a different refractive index than the light
polarized in the directions perpendicular to the c axis. These refractive
indices are called, respectively, extraordinary (ne) and ordinary (no) in-
dices. The birefringence of the material is defined as ne   no and for the
LiNbO3 it takes a negative value, as the ordinary index is larger than the
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extraordinary index. The extraordinary and ordinary refractive indices of
the LiNbO3 massive crystals are well approximated, in their wavelength
(chromatic dispersion) and temperature dependencies, by the Sellmeier
relations [10]. The extraordinary and ordinary indices are plotted in Fig.
2.3 as a function of the wavelength for T = 25C in the interval of interest.
2.6 Linear Electro-optic effect
The integrated optical devices studied in this thesis exploit the Pockel’s
effect. In non-centrosymmetric crystals, such LiNbO3, the refractive in-
dex varies linearly with the applied electric field, with the constant of
proportionality depending on the orientation of the electric field with re-
spect to the crystallographic axes. The resulting change in the optical path
length of the light passing through the crystal is proportional to the volt-
age applied to a set of electrodes. Over a fixed physical length of crystal,
this converts to a phase shift of the light passing through it, which can
be converted into intensity modulation in a Mach-Zehnder interferome-
ter. A convenient way to visualize the electro-optic effect is to use the
index ellipsoid of the crystal [11]. The linear change in the coefficients of
the index ellipsoid due to an applied electric field Ej along the principal
crystal axis is [12]:


1
n2i

=
3X
j=1
rijEj; (2.6)
or
(n)i =  
n3
2
3X
j=1
rijEj (2.7)
where i = 1; 2;    6 and rij is the 6  3 electro-optic tensor. By
inserting the electro-optic tensor rij , the six values ofn can be written as
the elements of a symmetric 33matrix. Due to the symmetry of LiNbO3
only four of the eighteen coefficients of rij tensor are independent. These
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coefficients are: r13 = 8:6pm=V ; r22 = 3:4pm=V , r33 = 30:8pm=V ,
r51 = 21:8pm=V . Therefore we have:
nij =  n
3
2
0@ r22Ey + r13Ez  r22Ex r51Ex r22Ex r22Ey + r13Ez r51Ey
r51Ex r51Ey r33Ez
1A (2.8)
where n is either the ordinary (no) or extraordinary (ne) value. An
applied electric field along the crystallographic x, y and z axes produces an
index change and, therefore, a phase change for an incident optical field
polarized along such axis through the diagonal elements of the matrix.
Using equation 2.8 we can finally obtain the relations:
ne = n33   n
3
2
r33Ez (2.9)
no = n11 = n22 =  n
3
2
r13Ez (2.10)
The off-diagonal elements of matrix 2.8, on the other hand, represent
electro-optically induced conversion or mixing between orthogonal polar-
ization components.
Since r33 is the largest EO coefficient, it is desirable to exploit it for
EO modulation and sensing. This means that the electric field is applied
along the z-direction. The electrode configuration needed to generate Ez
depends on the orientation of the crystal cut. For x-cut LiNbO3 crystal, an
electric field along the z-direction means a horizontal electric field. The
electrode configuration is shown in Fig. 2.4a. In this case the optical
waveguide has to be along the y-axis (because the x-axis is vertical to the
sample surface, and the z-axis is the direction of the electric field) and the
TE optical mode is much more efficiently modulated than the TM optical
mode, as the r33 >> r13 . If z-cut LiNbO3 is chosen, electrodes are placed
on top of the waveguide and the optical mode must be TM (Fig. 2.4b).
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Figure 2.4: Electrode configurations for optical phase modulation with
(a) x-cut and (b) z-cut crystals.
2.7 Optical waveguides fabrication in LiNbO3
Optical waveguide devices based upon LiNbO3 substrates are presently
in an advanced state. A large variety of devices have shown improved
performance as, for example, external modulators in long-distance high
bit-rate systems. Nowadays, the technology for LiNbO3 devices is well
developed, leading to fabricate ”good” waveguides in order to achieve
satisfactory overall device performance with respect to loss, driving volt-
age and modulation bandwidth. Many techniques have been used to form
waveguides in LiNbO3. Initially waveguides were formed by thermal out-
diffusion of Li2O which results in an increased extraordinary refractive
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index [13]. In-diffusion of a dopant - almost exclusively titanium - is
generally preferred to raise the refractive index [14] and it is the most
common technique used for general device development. Ti has been
proven to be a specially attractive dopant for several reasons such as (a)
the possibility to be patterned into any desired two dimensional geome-
tries using standard photolithography, (b) the formation of high and nearly
equal index change for both polarizations, (c) the negligible absorption in
IR, visible or near IR and (d) the possibility to fabricate waveguides in
relative modest diffusion time and temperature (typically 1000 C, 6-9 h).
More recently, proton exchange using benzoic acid [15] and other acids
has become popular to make waveguides. This is an ion-exchange pro-
cess where lithium ions in LiNbO3 are substituted by protons H+, from
appropriate melt of solution. The main difference between waveguides
fabricated through proton exchange and those fabricated through titanium
in-diffusion is that the former only guide light of extraordinary polariza-
tion, whereas the latter guide both polarizations. Further, proton exchange
guides are less susceptible to optical damage [16] and it is possible to fab-
ricate waveguide at much lower temperature (typically 200C - 250C)
compared to Ti-diffusion process [17]. Due to these advantages and to
its easy implementation we have chosen proton exchange as waveguide
fabrication method. When we have needed Ti in-difussed waveguides for
specific applications, we have found suppliers, for example through ex-
ternal collaborations, such as that with Avanex Corporation (now Oclaro
Inc.).

Chapter 3
Micro-engineering fabrication
techniques
In this chapter, the micro-structuring techniques developed at ICFO and
employed to realize the new device configurations are presented.
3.1 Annealed Proton Exchange (APE)
The proton exchange (PE) process involves basically a chemical reaction
between the substrate and the proton source at temperatures in the range
from 150C to 249C [18]. It consists in the replacement of lithium ions
(Li+) from the crystal surface with protons (H+), which are in the source.
The two factors affecting the proton-exchange process are the temperature
of the melt and the availability of protons for exchange in the melt. A vari-
ety of compounds can be used as proton source and the main requirement
is an equilibrium in which a significant concentration of solvated protons
is present in the exchange medium [19]. The chemical reaction can be
represented as [20]:
LiNbO3 + xH
+ ! HxLi1 xNbO3 + xLi+ (3.1)
where x represents the normalized proton concentration. The strains
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induced by this substitution can substantially modify the crystal structure
of the substrate surface [21] leading to an increment of the extraordinary
refractive index (0.12 at 633 nm) and a decrement of the ordinary in-
dex ( 0:04) relative to the values of LiNbO3 substrate; consequently,
only TM guided mode exist in z-cut substrates, and TE mode in x-cut
and y-cut substrates. The proton source chosen in this work consists of
benzoic acid (C6H5COOH) buffered with 1% of Lithium Benzoate (LB)
[22]. The reasons for using benzoic acid are: (a) the convenient work-
ing range (melting point =122 C, boiling point = 249 C), (b) the low
toxicity, (c) it is relatively easy to handle at room temperature and in its
molten state, and (d) it is inexpensive. Fabrication of guides in pure ben-
zoic acid is not convenient because the effective indices are unstable, the
propagation losses are high and the electro-optic characteristics are de-
graded [18]. The proton exchange can be modeled by an inter-diffusion
process of ions represented by a nonlinear diffusion equation [23]. To
overcome the problems due to the proton exchange, a subsequent thermal
annealing is added [24, 25]. This step leads to diffusion broadening of
the hydrogen-enriched layer towards the substrate bulk. At the same time
the material undergoes to a structural phase transitions as a result of the
reduction in local ion concentration (Fig. 3.1) [26, 27]. The fabricated
Annealed Proton Exchange (APE) waveguides present low-losses, good
stability and restored EO coefficient. Preliminary detailed studies on the
formation of APE waveguides concern planar waveguides and examine
the refractive index profiles and proton concentration in the waveguide
layer. The reasons to start this work, by studying planar waveguides, are
simple and practical. A planar waveguide has a one-dimensional (1D)
cross-sectional structure, which can be easily analyzed through theoret-
ical models. This allows for accurately evaluating the index profile and
the thickness.
Moreover, prism coupling technique for index profile measurements
is a well established technique and it does not require any cut or lapping
of the sample’s end-faces. However, in practical applications the use of
channel waveguides is required. Therefore, theoretical analysis requires
precise 2-D modelling and optimization of the fabrication process is key
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Figure 3.1: Structural phase diagrams of HxLi1 xNbO3 on z-cut (a) and
x-cut (b) substrates [28]. They give the dependence of the extraordinary
index variation ne measured at  = 633nm versus the surface value of
deformation "003 normal to surface plane. The arrows show the directions
in which proton concentration increases.
fundamental for high performances of integrated devices [29, 30].
3.1.1 Fabrication Procedure
The substrates used in the experiments are double polished z-cut LiNbO3
of dimensions ranging from 1 to 3 inches. The samples are thoroughly
cleaned by immersing them in a series of electronic-grade solvents placed
in an ultrasonic bath for at least 15 minutes. The apparatus used to fabri-
cate PE LiNbO3 waveguides is shown in Fig.3.2. It consists of a thermal
reactor with a temperature control of 0.5C accuracy. The benzoic acid
powder compound is put into an iron container while the cleaned LiNbO3
substrate is placed in a holder and kept distant from the proton source.
Thereafter, the container is tightly sealed to avoid any unwanted reac-
tion during the process between the acid and the air. In order to heat and
maintain the temperature of the molten acid as stable and homogeneous as
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possible, the thermal reactor is filled with silicon oil and the iron container
is subsequently partially immersed in the oil bath. The thermal reactor is
then covered to provide a well isolated, temperature stable environment.
In the implemented system it is possible to measure both the oil and the
acid temperature; a systematic difference of 5C has been verified. The
values indicated in this work for the fabrication temperature are those of
the acid temperature. The benzoic acid is heated at a specific temperature
(200-220C) for 2 hours, in order to reach thermal equilibrium. Moreover,
in order to guarantee fresh and homogeneous proton source, the molten
mixture is magnetic stirred. Therefore, the substrate is slowly put into the
molten mixture to prevent thermal shock. After 5 minutes the substrate
is completely immersed in the solution. The exchange time is measured
from the time the sample gets in contact with the proton source. When
the desire exchange time (10 -75 min) is reached, the sample is slowly
removed from the acid and let it to cool down to room temperature in-
side the iron container to avoid any possible thermal shock. To maintain
the acid purity, each load of acid is used to fabricate only two samples
[31]. The substrate is then removed and washed in a sequence of ace-
tone, ethanol and DI water in an ultrasonic bath to remove the excess of
acid on the surfaces. The subsequent annealing procedure is carried out
in air in an oven at a temperature ranging from 300 to 360C. To avoid
thermal shock of the sample, the temperature is slowly increased up to
the set point. For that, the annealing time is defined from the time the
oven reaches the desired temperature. In [32] was demonstrated that the
slow cooling of the samples after the thermal process results in long-term
waveguide stability. Therefore, the samples are left to cool down to room
temperature inside the oven while switching the latter off.
3.1.2 Optical characterization of fabricated waveguides
Two optical techniques are used to characterize planar waveguide sam-
ples: waveguide-mode spectrum measurement via prism coupling and X-
ray diffraction analysis. The same techniques are used subsequently for
process control during channel waveguides fabrication.
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Figure 3.2: Proton Exchange set-up for waveguide fabrication.
Prism-coupling method
The optical characterization of waveguides consists in the determination
of the refractive index profiles for several fabrication conditions. The PE
process produces an increase of the extraordinary refractive index while
decreases the ordinary index with respect to those of the un-exchanged
LiNbO3 substrate. Therefore, waveguide modes are of the TE type in x-
and y- cut proton- exchanged lithium niobate and of the TM type in z-
cut material. In order to find the mode effective indices, we employ the
standard prism coupling technique [33]. A schematic of the experimental
setup is shown in Fig. 3.3. One rutile prism (ner=2.8719, nor=2.5837)
is pressed against the slab surface. A He-Ne laser beam emitting at a
wavelength of 632.8nm hits the prism surface. Inside the prism the beam
is totally reflected by the interface with the slab waveguide. The total
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reflection in the prism is associated to an evanescent wave in the small
air gap which is present at the interface between the slab waveguide and
the prism. If the air gap is sufficiently small, the evanescent field can be
coupled into the waveguide when the phase matching condition between
the two fields is satisfied. This condition can be achieved by modifying
the entrance angle of the laser beam. For that, a prism-coupling stage with
(x, y, z, ) movements is used. Once the coupling condition is satisfied,
the field can propagate into the slab waveguide and basically no signal
is measured by the photo detector (Fig. 3.3). By measuring the incident
angle  it is possible to calculate the effective index of the propagating
mode through the relation:
Nm = nrsin

r   arcsin

sin
nr

(3.2)
where nr is the rutile ordinary refractive index for TM modes or the
extraordinary index for TE modes and r is the prism angle. The refrac-
tive index profiles throughout the guide depth are then reconstructed by
the IWKB technique [34]. Moreover, to improve the precision, the sur-
face increments ne are determined as the average between the IWKB
value and the value calculated using the Chiang method [35]. The recon-
structed index profiles versus the depth are shown in Fig. 3.4 for different
exchange conditions.
A 2D color map of the index variation across a 3 inches z-cut wafer is
shown in Fig. 3.5. The measures have been performed on five different
points over the surfaces, in order to check the homogeneity of the APE
process. The variation of the refractive index increment over the entire
surface can be addressed to the presence of a temperature gradient in the
acid bath. The average refractive increment is about 0.0182 while the
standard deviation is of the order of 6  10 4.
X-ray diffraction analysis
To investigate the crystal structure after the PE process and confirm the
results obtained from the prism coupling method, we recorded rocking
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Figure 3.3: Experimental setup for the prism coupling method. The setup
is completely automated by a GPIB controller. A recorded measurement
for an annealed slab waveguide is also shown. It can be seen that the
waveguide presents 3 modes at =633nm.
curves for different planes using a High Resolution X-Ray Diffractometer.
Important information can be obtained from the observation of ""33, the
strain perpendicular to the substrate surface, which is directly deduced
from the rocking curves, measuring the angular distance hkl between
the substrate peak and the exchanged layer peak on the rocking curve
from the surface plane (hkl) through the relation:
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Figure 3.4: Measured indices for samples diffused at different times and
temperatures and index profiles obtained by fitting with Gaussian func-
tions.
""33 =  hkl  ctghkl (3.3)
where hkl is the Bragg angle of the reflected surface plane for stress
free-substrate. The rocking curves recorded with respect to (220) plane of
z-cut samples obtained under different exchange and annealing conditions
are presented in Fig. 3.6. From the position of the peaks on the rocking
curves, corresponding to -100 arcsec, it can be deduced that the samples
belongs to the -phase of the crystal [28]. Because the distance between
the HxLi1 xNbO3 peak and the substrate peak (0 arcsec) corresponds to
the magnitude of the strain, it is thus clear that the -phase is characteri-
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Figure 3.5: Refractive index variation in a 3 inch z-cut wafer.
zed by low deformation of the crystal lattice and therefore we expect low
propagation losses and restored electro-optic coefficient.
3.1.3 Estimation of diffusion coefficients
Proton exchange being a diffusion process, the index profile depth, calcu-
lated by fitting with the specified function, should be a linear function of
the square root of the exchange duration, according to equation:
da(T; t) = 2
p
Da(T; t) (3.4)
where T is the fabrication temperature (K), da is the guide depth
(m), t is the fabrication time (h), and Da(T ) is the diffusion coeffi-
cient (m2h 1) at temperature T . In estimating the waveguide depths
one should consider the combined process of lithium ions coming out of
the substrate and protons going in. Therefore, Da(T ) is an effective dif-
fusion coefficient. Fig. 3.7 shows the relationship between waveguide
depth and the square root of the exchange duration for z-cut waveguides
which in our experiments was estimated to be DPE (210C) = 0.1092
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α-phase
Figure 3.6: X-ray rocking curves for (220) reflection for 5 different sam-
ples. Fabrication conditions: PE in benzoic acid buffered with 1% of
lithium benzoate, TPE = 210C, tPE from 10 min to 75 min, annealing
at TAPE = 360C for 10 h. It can be clearly seen that all the samples
belong to the -phase of the crystal.
m2h 1. The characterization of the subsequent annealing step consisted
of the extraction of relations between the refractive index profile varia-
tions, caused by the thermal treatment after the initial exchange and the
temperature and duration of the process. For that, several samples were
fabricated in buffered benzoic acid at 210C over a period ranging from
0.16h to 5h and then subjected to annealing at fixed temperature of 360C.
Considering the index variation proportional to the proton concentration
[36] it is possible to determine the parameters of the guides that minimize
Root Mean Square Error of the fit of the measurements with a Gaussian
function. With the increase of the diffusion time, the RMSE decreases,
confirming that the Gaussian function is a suitable fit for large diffusion
depths.
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Figure 3.7: Profile depth as a function of the diffusion time for z-cut sam-
ples.
The anneal diffusion coefficient DAPE (360 C) can be calculated
using the expression 3.4. From the experiments it resulted to be 0.56
m2=h. While the experimental data fits the model reasonably well (Fig.
3.7), standard diffusion theory is eventually a poor approximation of the
annealed process, especially in view of the fact that it occurs within mul-
tiple phases of the crystal and it does not consider the possible diffusion
of Li in addition to that of H ions [14] and does not deal with the instabil-
ity of PE waveguides. Recently, a new model has been proposed that take
into account the mentioned inadequacies [32]. Since the diffusion coeffi-
cient DAPE is obtained from the optical measurements and so associated
with the evolution of the index profile more than with the diffusion of H,
it is interesting to notice that the found value is comparable with those
described in literature for z-cut waveguides.
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3.1.4 Channel waveguides fabrication
In practical applications, such as the fabrication of integrated modulators
and sensors, the use of mono-mode channel waveguides is fundamental
for high device performances. In most cases, theoretical analysis of their
structure requires numerical simulations. A key characteristic of light
propagating along the channel waveguide is its mode profile: the inten-
sity distribution in the 2D cross section perpendicular to the propagation
direction. The optical loss through a connection between a single mode
channel waveguide and the optical fiber is mainly due to the mode-profile
mismatch between the two. The channel mode profile is determined by
the 2D index distribution across the waveguide, hence, strongly depends
on the fabrication process. The refractive index profile can be expressed
as:
n(x; z) = nsub +ne [f(x)g(z)] (3.5)
where
f(x) =
1
2

erf

w   x
dx

+ erf

w + x
dx

(3.6)
and
g(z) = exp

 z
d
2
(3.7)
where nsub is the extraordinary refractive index of LiNbO3,ne is the
maximum index change due to proton exchange, 2w is the mask width and
dx and d are the diffusion lengths in the x- and z-directions, respectively
from equation 3.6. The y-propagating single mode channel waveguides in
z-cut LiNbO3 for the telecom window has been fabricated following the
method described previously. A metal mask (Al) having different slits,
varying from 2.5 to 7 m has been fabricated by photolithography and
sputtering deposition. The process steps are shown in Fig. 3.8.
Waveguide mode profiles have been measured by imaging the near
field patterns onto an infrared camera. An example of the measured width
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Figure 3.8: PE mask fabrication process. Example uses a LiNbO3 and a
positive photoresist system. Process steps include resist spinning, expo-
sure, development, Al deposition and resist stripping.
and depth waveguide mode profile is shown in Fig. 3.9. The mode profile
in the crystal plane is essentially Gaussian while in depth is asymmetric
due to the large index difference between the waveguide and the cladding.
By characterizing the waveguides fabricated it was possible to estimate
the right diffusion parameters, which lead to have minimum propagation
and insertion losses.
3.2 Domain engineering of LiNbO3
Domain inversion in ferroelectrics is a well known phenomenon accord-
ing to which the spontaneous polarization of a crystal is reversed by lo-
cally applying an electric field higher than the coercive field. Several
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Figure 3.9: Measured optical mode profile in width and depth.
techniques have been studied in recent years to obtain domain inversion
in ferroelectric crystals, mainly for nonlinear quasi-phase-matched fre-
quency conversion. These techniques include for example electron-beam
poling, [37, 38] electric-field poling, [39, 40] and high-voltage atomic
force microscope [41]. Among those, electric field poling is a powerful
and simple technique usually employed for fabricating periodic domain
structures in ferroelectric crystals. It requires very simple facilities and
is applicable to many nonlinear optical crystals with the possibility of
being easily introduced in mass production. DI has different implemen-
tations even though the basic idea consist in patterning with the desired
geometry one face of a LiNbO3 wafer so that the patterned domains to be
inverted can come into contact with a conductor - either deposited metal
or liquid electrodes - and the other areas are electrically insulated - either
by photo-resist or SiO2 layer. A great number of domain structures have
been formed using this technique. However, simple rectangular DI pat-
terns can be employed to enhance modulator performance as described
in chapter 4. Since the patterning of the poled areas is obtained through
photolithographic imprint, it shares the same advantages and limitations.
The experimental setup used to fabricate this type of device is depicted
in Fig. 3.10. The system is really simple since it requires only a high
voltage generator and some impedance. The electric field is applied all
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over the patterned surface by liquid electrodes while the patterning is re-
alized by opening a layer of evaporated SiO2 or photo-resist. To ensure
that the field is applied the charge corresponding to the area to be inverted
s calculated. The charge, Q, is calculates using the expression:
Q = 2 Ps  A (3.8)
where Ps is the spontaneous polarization and A is the area.
To show the effectiveness of the technique, Fig. 3.11 reports a micro-
scope picture of a DI grating where domains are revealed by differential
etching in HF. The quality of the poling results (i.e. how precisely the
inverted domains follow the desired pattern) depends on many factors,
such as: surface flatness and polishing, sample cleanliness, quality of the
insulator used and the patterning.
3.3 Room Temperature Direct Bonding
Direct bonding is a technique that allows to permanently join two pieces
of the same or different materials with smooth and flat surfaces without
any interstitial layer. This technique is commonly used in microsystems
technology, where it is typically employed to bond two silicon wafers or
a silicon wafer to a glass substrate. The first physical phenomenon that
starts the bonding process is the adhesion of the two surfaces. After the
contact is made, the chemically activated surfaces bond together due to
Van der Waals forces, [42]. During bonding of different materials, the
mismatch in thermal expansion coefficients (TEC) can cause significant
thermal stress leading to the formation of cracks or defects [43]. For in-
stance, since the TEC of LiNbO3 is at least 3 times that of Si, the bonded
substrate can fracture at temperatures above 150C. Thus, bonding at low
temperatures represents the best option when two or more substrates with
high TEC mismatch are used, as it was recently demonstrated for LiNbO3
using a room temperature surface activation method [44, 45]. Surface
cleaning and pre-treatments are essential steps that determine the quality
of the final bonding. Precise knowledge of the effects of cleaning and
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a)
b)
Figure 3.10: (a) Schematic of electric field poling apparatus: HVA, high
voltage amplifier, RIN series resistor, R1, R2, high voltage probes, R3,
monitoring resistor, (b) poling Jig.
surface activation is crucial to control the surface free energy of the sub-
strates in order to obtain high strength adhesive joints [46]. Current lit-
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Figure 3.11: Microscope image of a sample of fabricated PPLN after
etching.
erature doesn’t report any systematic approach on the impact of cleaning
and activation processes in the case of LiNbO3. Moreover, this work also
reports on the effect of plasma activation based on O2 and Ar on LiNbO3,
Si and fused SiO2 substrates. These studies have allowed to find the op-
timal parameters for a defect-free and strong room temperature bonding
between different materials. An interesting technique based on UV laser
illumination to activate the LiNbO3 surface is presented in [47]. In this
work, the attention has been focused on the effects on the surface free en-
ergy of other commonly used cleaning processes, that are well described
in microsystems technology.
3.3.1 LiNbO3 surface cleaning
The substrates used in these studies were 3 inch wafers of LiNbO3, Si and
fused SiO2. The total thickness variation (TTV) of the substrates was less
than 5 m over the entire surface. The substrates with low TTV allow im-
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proving the bonding quality by reducing the residual stress of the bonded
samples. The 500 m thick z-cut LiNbO3 (Crystal Technology) and fused
SiO2 (Semiconductor Wafer) wafers were double side polished, while the
360 m thick Si wafers (Montco Silicon) were single side polished. Ta-
ble 3.1 describes the cleaning procedures and activation treatments while
Table 3.2 reports the combinations of different cleaning procedures used
in this work.
Figure 3.12: Contact angle measurement scheme.
The wettability of the sample surfaces was estimated by measuring the
static contact angles of sessile drops of different probe liquids placed on
the surface. An in-house built system was used while the measurement
scheme is depicted in Fig. 3.12. The contact angle c is defined as the
angle between the substrate surface and the tangent to the drop profile at
the line where the solid, liquid and vapor phases meet. The value of this
angle is also a measure of the hydrophilic or hydrophobic character of the
surface. The experiments were performed using two different probe liqui-
ds (Fischer Tinten Test) with surface tensions of 72 and 105 mN=m 1,
respectively. The volume of the dispensed liquid was controlled and fixed
(5L) for all the contact angle measurements, thus allowing an accuracy
of 1.
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Figure 3.13: Surface free energy values for cleaning combinations listed
in Table3.2
The wetting factor  = cosc was estimated from the condition of
equilibrium of forces on the boundary of three phases: solid state, liquid
and gas (substrate, liquid drop and air) [42, 48]
 = cosc =
SG   SL
LG
(3.9)
and
SG   SL + LGcosc = 0 (3.10)
where SG is the surface tension of the solid-gas boundary, LG is the
surface tension of the liquid-gas boundary and SL is the surface tension
on the liquid-solid boundary. Fig. 3.13 shows the results obtained for
each cleaning combination.
The samples were kept in a dry box for different times after the treat-
ments and then measured again. All the measurements were performed on
both faces of the LiNbO3 substrates and no relevant polarity dependence
of the surface energy was found. One can see that properly stored sam-
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Name Chemical Treatment Sonication T() time
Solvents Acetone, Ethanol YES 25 10 min/each
Piranha(A) H2SO4 :H2O2 (2 : 1) YES 60 10 min
Piranha(B) NH4OH:H2O2:H2O (1 : 1 : 5) YES 60 10 min
Micro Soap Ultrasonic Soap (pH 8) YES 25 10 min
DIW DI Water Rinse NO 25 10 min
NH4OH Ammonia Rinse NO 25 2 min
Name Plasma Treatment Gas time
Pressure: 35mTorr
Ar Plasma Flow:50sccm
Power:15W RF, 800W ICP Ar 15s, 30s, 60s
Pressure: 35mTorr
O2 Plasma Flow:50sccm
Power:15W RF, 800 W ICP O2 15s, 30s, 60s
Table 3.1: Chemical and plasma activation treatments for surface cleaning
and activation.
No. Solvents DIW Piranha(A) DIW Micro Soap Piranha(B) NH4OH DIW
1 X
2 X
3 X X
4 X X X X
5 X X X X
6 X X X X
7 X X X X X
8 X X X X X
9 X X X X
10 X X X X X X X
11 X X X X X X X
Table 3.2: Cleaning combinations for LiNbO3 substrate.
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ples don’t lose significantly their wettability at least in the first 2 hours
after the treatment. A test liquid with a surface tension of 105mN=m has
been used in order to be more sensitive at higher surface energies. From
Table 3.2, it can be seen that the values of the cleaning combinations 7
to 11 of are very similar. Thus, these processes are ideal candidates for
the cleaning, allowing at the same time to prepare the surface in a high
surface energy state.
3.3.2 Plasma activation
To determine the optimal plasma activation on LiNbO3, Si and fused SiO3
substrates, the samples were cleaned with organic solvents (procedure 2
of Table 3.2) and acid Piranha (procedure 9 of Table 3.2). Only for Si,
an oxide removal in BOE 7 : 1 (NH4F : HF ) was performed before
the plasma process. After the last rinsing with DI water and blow dry-
ing with nitrogen, the samples were left to reach the original value of
surface energy storing them in a particle-free environment. For surface
activation, an inductively coupled plasma (RIE-ICP) system (Plasmalab
System 100, Oxford instrument) has been usedin combination with two
different gases: O2 and Ar. In the experiments, typical treatment con-
ditions were 35mT pressure, 50 sccm flow rate, 15W source power, and
800W ICP power. Since a short treatment time is desirable to strengthen
the bonding energies [38], the process time vas varied from 15s to 60s as
shown in Table 3.1. Fig. 3.14 (a) and (b) reports the results of the surface
energy measurements for the three substrates under different treatment
conditions compared to their starting values (0 seconds). After plasma
treatment the contact angle of these materials become smaller (higher sur-
face energy) compared to those of untreated substrates showing a strong
increase in their wettability. The three substrates treated for 30s with O2
plasma present the lowest contact angle as compared to those treated with
Ar. Apart from lower values of contact angles, O2 plasma presents the ad-
vantage of producing a smoother surface with compared to Ar. For these
reasons this process is the best candidate among those studied to obtain a
strong bonding.
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a)
b)
Figure 3.14: Contact angle of LiNbO3, Si and Fused SiO2 treated by a)
Ar plasma and b) O2 plasma.
3.3.3 Bonding test and Lithium Niobate thinning
The results presented above indicate the optimal cleaning and plasma ac-
tivation treatments for bonding. To test their effectiveness bonding be-
tween two LiNbO3, LiNbO3 and Si, LiNbO3 and fused SiO2 wafers was
carried out. All the substrates were cleaned following procedure 10 in
Table 3.2. After cleaning, the substrates were treated with 30s O2 plasma
and subsequently they were dipped in DI water for 20 min and blow dried
with N2. The bonding step was realized immediately after drying with
no load force but just putting into contact the two substrates and gently
pushing at the center of the sample. The bonding started from the contact
point and propagated to all the samples. The bonded samples are shown
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in figure Fig. 3.15 and no bubbles or cracks are visible at naked eyes for
all of the samples. To inspect the bonding interface, the hybrid substrates
were diced. The bonding was strong enough to allow cutting of the hy-
brid substrate for cross-section observation without formation of evident
crack.
a) b) c)
Figure 3.15: Bonding test of a) 3 inch z-cut LiNbO3/LiNbO3 wafers, b)
3 inch LiNbO3/Fused SiO2 and c) LiNbO3/Si bonding after cutting with
diamond saw.
The SEM images of the three bonded interfaces are shown in figures
Fig. 3.16 a-c. On the cross-section, the interface is not distinguishable
for LiNbO3/LiNbO3 (Fig. 3.16a) while it is visible for LiNbO3/Si (Fig.
3.16b) and LiNbO3/SiO2 (Fig. 3.16c). The interfaces are sharp and no
interstitial space or defect can be seen, proving the quality of the bonding
process on the microscopic scale. After bonding and dicing, the LiNbO3
on the LiNbO3/LiNbO3, and LiNbO3/SiO2 chips was thinned down us-
ing a tabletop polishing machine (PM5, Logitech). The specimens were
mounted on a vacuum holder in order to avoid the use of any wax and
ensure a major flatness of the polished surfaces. For bulk-thinning, a suc-
cession of 15m, 9m and 3m alumina (Al2O3) slurries were used in
conjunction with a cast iron plate. Alkaline colloidal silica suspension
(SF1, Logitech) was used with a cloth pad for optical finish. The rota-
tion velocity of the plates was varied from 20 rpm to 50 rpm while the
down pressure of the sample holder from 100g to 800g. By adjusting the
plate velocity, the holder pressure and the size of the abrasive slurries, it
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was possible to control the removal rate of the LiNbO3 layer and reduce
its thickness from 500m to 15m without any noticeable damage for
the surface Fig. 3.16 d shows the SEM image of the thin plate LiNbO3
bonded to another LiNbO3 thick plate.
b)
a) b)
c) d)
Figure 3.16: SEM cross sectional micrograph of a) LiNbO3/LiNbO3
bonding, b) LiNbO3/Si bonding, c) LiNbO3/SiO2 bonding. D) Thin plate
of LiNbO3 bonded to another LiNbO3 substrate.
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Chapter 4
Ultra performing
micro-structured modulators
4.1 Introduction
Over the past decade the demand for telecommunication services has
strongly increased and the consequent requirement for ever larger band-
width communication system has boomed accordingly. In this scenario,
optical networks play a fundamental role as main carriers of information
and are continuously growing in importance due to their increasing pres-
ence in last-mile connections and fiber-to-the-home (FTTH) links [49].
If the bandwidth demand of the users increase at home and premises, so
does such demand for all the types of network, be it long-haul, metro
or FTTH. Inside optical transmission systems, high speed optical mod-
ulators are one of the fundamental building blocks (see Fig. 4.1 for a
typical scheme of an optical link). Among them, external Lithium Nio-
bate (LiNbO3) modulators are extremely effective [50], in particular for
long haul and metro applications, as it is shown by their recent increasing
commercial volume. Indeed, total worldwide revenue for digital dense
wavelength division multiplexed (DWDM) transmission doubled over last
year.
This is reflected by the LiNbO3 modulators’ market (Fig. 4.2) [51].
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Figure 4.1: Schematic of an optical communication link showing the use
of an integrated electro-optic LiNbO3 modulator.
Figure 4.2: Trends in LiNbO3 modulators market for digital telecommu-
nications.
Note that data refer only to digital communications. These facts are well
understood taking into account that LiNbO3 modulator possesses very
good performance in terms of extinction ratio, insertion loss, chirp fea-
ture and optical transparency - the latter particularly important taking into
account the increased use of tunable laser sources. Moreover, with respect
to modulators based on semiconductor or other materials, LiNbO3 mar-
ket share could even become larger if performance, integration and cost
further improve. Among others, the required improvements should in-
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clude, at the same time, high modulation efficiency (i.e. large modulation
bandwidth at low driving voltage) and robust and economic large-scale
fabrication process. Even though the use of velocity matched (VM) trav-
elling wave electrodes configurations [50, 52] greatly increase the modu-
lation bandwidth (BW ), the potential of LiNbO3 in terms of modulation
efficiency has been far from being fully exploited. In fact, the frequency
dependent microwave loss limits the bandwidth of VM modulators: the
higher the frequency the higher the microwave loss. Thus, for a given
length L, the effective modulation length reduces at high frequency, so
does the efficiency. This makes BW inversely proportional to L, simi-
larly to the switching voltage (V) that is needed to obtain a full swing
along the modulation curve. Therefore a trade-off exists between V and
BW and the ratioBW=V is used as a figure of merit. To improve the effi-
ciency (increase of BW=V), better coupling between the microwave and
optical fields is required. Different solutions have been proposed to this
end. In particular, ridge and thin plate modulators can provide a step for-
ward by enhancing the microwave field confinement thus increasing the
overall electro-optic interaction [53, 54]. Besides these approaches, that
require more additional fabrication steps with respect to standard ones, the
exploitation of the polarizability (i. e. domain structure) of LiNbO3 opens
interesting scenarios in the micro-engineering of devices toward a higher
efficiency. Domain inversion (DI) in ferroelectrics, such as LiNbO3, has
been widely exploited in all-optical processes, from quasi-phase-matched
second harmonic generation to optical parametric oscillation and WDM
frequency conversion[39, 55, 40]. So far its use in electro-optics has been
mostly limited to quasi-velocity matching devices using periodic struc-
tures [56, 57] or to achieve a desired chirp value for high-frequency and
broadband modulators [58]. More recently, domain engineering of z-cut
LiNbO3 structures has been proposed to produce large bandwidth and
very low voltage modulators where the push-pull effect in the interfero-
metric structure has been obtained by placing the waveguides in opposite-
sign electrooptic coefficient regions (i.e. opposite-oriented domains) and
under the same electric field [59]. This is in contrast with previous high
frequency modulating structures in single domain crystals where the two
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waveguides are placed under two distinct electrodes having different (usu-
ally opposite sign) voltages [50]. Further increase in efficiency for optical
links can be achieved not only by improving the performance of modula-
tors but also adopting newmodulation formats. These type of formats like
differential phase shift keying (DPSK) and differential quadrature phase
shift keying (DQPSK)improve spectral efficiency (bits/s/Hz) reducing the
cost of information transport. Modulators targeted for these novel com-
munication formats can benefit from the micro- structuring techniques
and design developed during this work.
4.2 Mach-Zehnder modulator
Light waves have many characteristics that can be modulated to carry in-
formation, as the intensity, phase, frequency and polarization. Among
these, amplitude modulation is the most used for optical fiber commu-
nication systems due to the simplicity of envelope photo-detection. In
the case of external amplitude modulators, the two most used mecha-
nisms to create modulation are the electro-optic effect and the electro-
absorption. Concerning electro-optic modulators, a tremendous variety
of designs have been proposed over the last 30 years. In this work we will
focus our attention on the most popular device for implementing optical
intensity modulation: the travelling wave Mach-Zehnder Interferometric
modulator (MZI).
4.2.1 Fundamentals of travelling wave modulators
The basic working principle of the Mach-Zehnder interferometer is il-
lustrated in Fig. 4.3. An optical power E = 2 enters in a single mode
dielectric optical waveguide which splits into two single mode waveguide
branches. In each branch the optical field undergoes a phase shift 
which is opposite in phase for the two branches.
If the optical waves are in phase after propagating through the two
arms, they combine as a single mode in the output Y-branch, which result
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Figure 4.3: Schematics of a MZ interferometer and electrical-to-optical
transfer function.
in a maximum intensity output; whereas if the optical waves are out of
phase after propagating through the two arms, they combine as a higher
order spatial mode, therefore most of the optical power becomes unguided
and the output intensity is a minimum. The optical field amplitude at the
output of the MZM can be express as:
E = e+j + e j = 2cos (4.1)
which result in the optical power modulation curve plotted in Fig.
4.3. For travelling-wave modulators, the electrode, of length L, forms an
extension of the driving transmission line and should have the same char-
acteristic impedance as the signal generator and cable (see Fig. 4.3). Both
light and microwaves propagate in the same direction. The bandwidth is
not limited by the electrode capacitance but rather by the difference in ve-
locity (velocity mismatch) between light and microwaves (MW), and by
the microwave propagation loss. The velocity mismatch depends on the
LiNbO3 material and the thickness of the buffer layer in addition to the
electrode structures. In order to consider the velocity mismatch, we can
imagine a point of constant phase in the optical wave travelling through
the modulator. If the modulator is short enough, or if the modulating fre-
quency is low enough, the voltage applied to the waveguide (and, there-
fore, the change in its refractive index) will be the same during the time
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that the point of constant phase needs to travel across the whole active
length. But if the frequency is high enough, so that the MW period is
comparable, or even smaller, to the transit time of the light, our point of
constant-phase might experience different refractive indices during its trip
through the active length. In this case, the effective modulation voltage
will be an average depending on the difference between the velocities of
the optical mode and the MWmode. Therefore, the modulation efficiency
will be decreased. Let us imagine a microwave propagating through a
MW waveguide in the positive z direction. The effective voltage seen at
position z (0  z  L) along the modulator by photons that enter the
active region (z = 0) at the time t0 is given by:
V (z; t0) = V0sin2fm

n
c
  t0

  0

(4.2)
where V0 is the amplitude of the wave, n = nm   nopt is the mis-
match between the refraction indices of the micro (nm) and the optical
(nopt) waves, fm is the microwave frequency corresponding to the wave-
number km = 2nm=m and 0 accounts for a phase mismatch between
optical and modulating waves. From equation 4.2, it is clear that the am-
plitude V (z) will be constant for a certain phase constant point of the
optical wave when the index mismatch is zero. Otherwise, a different
value of n will give an oscillating behaviour of V along the interaction
length L, that will induce an average accumulated phase-shift. The total
elecro-optically induced phase shift  for photons incident a t = t0 is:
(t0) =
n3opt

r
 
G
Z L
0
V (z)dz (4.3)
In equation 4.3 the coefficient   is the overlap integral between the
optical and microwave electric fields, defined as [52]:
  =
G
V0
R
Em  jEoptj2 dSR jEoptj2 dS (4.4)
with G representing the spatial gap between the electrodes, Em and
Eopt the microwave and optical fields integrated over the modulator cross
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section. By inserting 4.2 into 4.3 we can calculate the phase-shift experi-
enced by the optical wave as a function of the modulation frequency and
the relative phase between optical and modulating waves:
 =
n3opt

r
 
G
LV0
sin()

sin(   ) (4.5)
where the variable  is given by:
 =
fmnL
c
(4.6)
In 4.5 we can see that the phase shift is a function of the modulat-
ing frequency and assume the form given by the term sin()=. The
frequency where  is reduced to 1=2 of its maximum value at f = 0
occurs when  = 1:9. This is known as the 3dB optical bandwidth and is
given by:
f(3dBopt) =
1:9c
nL
(4.7)
The frequency, instead, where is reduced to
p
1=2 of its maximum
value occurs when  = 1:9. This is known as the electrical bandwidth and
is given by:
f(3dBel) =
1:4c
nL
(4.8)
Either 4.7 or 4.8 refers to as bandwidth, but since different definitions
exist in literature, it is important to be specific. The frequency response
of the modulated optical output is known as the optical response. In the
calculation of the bandwidth of the optical response one as to take into ac-
count the impedance, the losses mismatch and the velocity mismatch [60]
as already described above. The characteristic impedance of the trans-
mission line (Z) is given by the relation between the voltage and current
traveling through the line and it is of special importance as it will deter-
mine the reflections of theMW signal. MW sources and cables are usually
matched to 50
 impedance. If we try to connect these 50
 devices to a
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waveguide having different characteristic impedance, the voltage signal
will experience a reflection at the boundary between both given by [61]:
R =
Z2   Z1
Z2 + Z1
(4.9)
where Z1 is the impedance of the waveguide before the transition
and Z2 is the impedance of the waveguide behind the transition. If the
impedance of the waveguide is far from being matched to the generator, a
significant amount of power can be reflected, which might become harm-
ful for the generator itself. Besides, if the waveguide impedance is not
matched to the load impedance, the reflected power will generate a stand-
ing wave inside the waveguide, which will distort the signal and decrease
the modulation efficiency of the device. Obviously, the higher the mod-
ulation frequency is, the shorter the correspondent wavelength becomes
and, therefore, the more significant these reflections and standing waves
are. For these reasons, it is important to design the modulator electrodes
in such a way that they provide characteristic impedance as close as pos-
sible to 50
. Typically, values between 40 and 50
 can be reached by
carefully choosing the geometry and the material of the electrode struc-
ture. Another factor that determines the frequency response is represented
by the electrical loss generated both in the conductive and dielectric mate-
rials. In [62] it has been demonstrated that the dielectric losses are negli-
gible below 20 GHz. Above this frequency they become more significant,
although they are usually one order of magnitude smaller than conductor
losses. The attenuation constant due to the conductor loss can be written
as [63]:
c(f) =
1
2
R(f)
Z
(4.10)
where R(f) is the series resistance per unit length of the transmission
line. This resistance can be calculated by using the Wheeler’s incremental
rule that requires that the conductor thickness is about four times larger
than the skin depth:
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R(f) = 20RS(
@
@G
  @
@W
  @
@t
)
1
C0
(4.11)
whereG is the gap between the electrodes,W and t, the width and the
thickness respectively. C0 is the electrode capacitance when all dielectrics
are replaces by air and Rs is the surface resistance of the conductor, given
by:
Rs = f0 (4.12)
with f being the frequency and  the skin depth, that can be expressed as:
 =
r
1
f0c
(4.13)
where c is the electrode conductivity. The value of derivatives in
equation 4.11 depends on the electrode geometry but we can see from
equation 4.10 to 4.12 that the conductor loss is proportional to the square
root of the frequency. Then we can write a simplified equation for the
conductor loss as follow:
c(f) = c0
p
f (4.14)
where c0 is the attenuation coefficient normalized at 1 GHz. The
dielectric losses, instead, are considered linearly dependent on the mod-
ulation frequency. Therefore we can write the total frequency dependent
loss as:
(f) = c0
p
f + (dL + dS)f (4.15)
where dL and dS are the dielectric losses in the LiNbO3 and SiO2
substrates [64], respectively. The frequency response can be then calcu-
lated as function of the phase shift at DC, (DC), and at a frequency f
(f), as [60]:
m(f) =
 (f)(DC)
 = e L2
s
sinh2(L
2
) + sinh2( L
2
)
(L
2
)2 + ( L
2
)2
(4.16)
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with  = 2(nm   nopt)=c and c being the speed of light in vac-
uum. Using equation 4.3 and 4.16 we can derive the expression for the
switching voltage - corresponding to a phase change of  and producing
a theoretical zero optical output:
V =
G
2n3optLr 
(4.17)
The expressions 4.7, 4.8 and 4.17 clearly shows the inverse depen-
dence on the length of the modulator for bandwidth and driving voltage.
In order to increase the modulator efficiency the ratio BW=V has to be
increased. A direct way to obtain this is to increase the overlap integral  .
To this end, the solution we propose is to locate the arms of the interfero-
meters under a narrower and more efficient electrode (Domain Inverted
push-pull configuration).
4.3 State of the art
The need for higher bandwidth to manage the increasing amount of infor-
mation, that every day is sent into the optical networks, has driven the re-
search to device designs able to reach modulation bandwidths of the order
of 40 Gb/s and even 100 Gb/s. Nevertheless, the design of a broad band
device, with the current technology, leads to higher driving voltages to
work, with a subsequent increase in the drivignsystem costs. Therefore, in
order to develop reasonable high speed modulators, they must work also
with lower voltages so that inexpensive driving electronics (for example,
SiGe based) can be used. As already said above, lowering the driving volt-
age and extending the bandwidth of an integrated electro-optic modulator
(EOM) compete with each other, so tradeoffs must be searched. Various
modulator structures have been developed in order to improve modula-
tor efficiency. Recently, the use of ridge waveguide modulators has been
widely explored in order to reduce the optical mode size and to decrease
the effective refractive index of the modulating microwave. This is possi-
ble because part of the LiNbO3 around the waveguide is substituted by a
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low index medium as air and/or SiO2, which implies a reduction of the av-
erage dielectric constant of the material surrounding the electrodes. The
effect of the ridge also implies that electrodes do not need to be as thick
as in planar structures (typically in the range of 20 m) in order to get the
matching conditions. The product V  L predicted for these devices was
in the order of 8 to 9 Vcm compared to a typical value of 12 Vcm for
standard modulators [65]. Moreover, it was also predicted that the ridge
allows smaller bending radius in waveguides without increasing losses,
thus improving the integration level of photonic devices [66]. Fabricated
ridge structures in MZ modulators have shown bandwidths in the order
of 40 GHz with driving voltages as low as 3V [67, 68]. Apart from ridge
modulator, another way of enhancing the field confinement is given by
thin plate modulators [69]. For those, the EO crystal is uniformly thinned
down to dimensions of the order of 10 m, by precise lapping and pol-
ishing, after an appropriate bonding on a low dielectric constant substrate
(e.g. SiO2), that is used to decrease the effective microwave index. There-
fore, the modulating electric field is subjected to a higher confinement and
forced to be parallel to the crystal z-axis. Note that, contrary to the ridge
and domain inversion geometries in z-cut crystal, the thin plate geometry
requires an x-cut crystal. Consequently, the position of the optical waveg-
uides with respect to the electrodes changes. Waveguide fabrication relies
on traditional techniques like Ti-indiffusion and no SiO2 buffer is needed
due to the configuration of electrodes required for x-cut LiNbO3 modu-
lators. While both ridge and thin plate modulators work on the optical
and/or RF field confinement, DI aims at improving the coupling by al-
lowing simpler electrode configurations. This technique allows the use of
opposite electro-optic coefficients in each waveguide of a Mach-Zehnder
structure in such a way that the same electrode can provide the same elec-
tric field for both and still induce a push-pull operation. This provides
new freedom degrees in the fabrication of electrodes, so that their MW
properties can be tailored in order to get better velocity and impedance
matching. In Table 4.1 we report the current state-of-the-art product and
publication work.
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Bit Rate Modulation L  f V
(Gb/s) format (mm) (GHz) (V)
State of the art
10
NRZ 35-43  10  6
Duobinary, DQPSK 50-58  8  4
commercial
40
NRZ
45-63  30  6
75-83  30  3:5
Duobinary, DQPSK 75-83  30  3:5
State of the art
Ridge [68] 60 40 5
pubblications Domain Inversion [59] 40 10  3
Thin Plate [70] 30 (folded structure) 20  3
Table 4.1: State of the art commercial products and published work.
4.4 Ultra Low Voltage Modulator: Device De-
sign
This work has been realized with the collaboration of Avanex Corporation
(now Oclaro inc.).
4.4.1 Device Design
The cross section of the proposed modulator highlighting the working
principle is shown in Fig. 4.5. Note that there is a silica based buffer
layer between the hot electrode and lithium niobate crystal. This layer
ensures at the same time low optical loss by keeping the evanescent opti-
cal field low in the lossy metal electrodes and velocity matching between
the traveling optical and microwave fields.
The key modulators parameters (V, , nm, Z0) were calculated, using
a commercial FEM solver (Comsol) [71, 72], as a function of the geome-
tric parameters (see Fig. 4.5). Here, G is the electrode gap, W is the
width of the central electrode, t and  the electrode and the buffer layer
thickness, respectively. Fig. 4.6 presents the results for the modulator pa-
rameters as a function of the central electrode width W and the electrode
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Figure 4.4: Mach-Zehnder exploiting domain inversion for ultra low vol-
tage operation.
Figure 4.5: Cross section of the Domain Inverted z-cut LiNbOO3 modu-
lator.
gap G. We can observe that the microwave index is still high. In order
to maximize the bandwidth of the modulator, it is necessary to match the
device’s microwave effective index to that of the optical effective index
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a) b)
c) d)
Figure 4.6: Calculated modulator characteristics as a function of the elec-
trode width W, taking the electrode gap G as parameter. (a) Losses, (b)
microwave effective index,c) characteristic impedance, (d) voltage-length
product.
(nopt = 2:14 @  = 1:55m).
It has been shown by previous researches [73, 65] that adjusting the
buffer layer thickness and or the electrode height have considerable ef-
fect on the modulator features. Fig. 4.7 show the simulation results for
the modulator characteristics as a function of the buffer layer thickness
 and the electrode height t. It is clear that the thicker the buffer layer
the lower the microwave effective index is, but at the same time there
is an increment of the driving voltage. The second criterion to maxi-
mize the bandwidth of the modulator is that the impedance of the device
should match that of the signal generator, which is usually fixed at 50
.
It can be observed in Fig. 4.7(d) that the increment of the electrode thick-
ness produces a decrement of the characteristic impedance of the mod-
ulator, that needs to be taken into account in the design and fabrication
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a) b)
d)c)
Figure 4.7: Calculated modulator characteristics for the proposed design
as a function of the buffer layer thickness  and taking the electrode high t
as parameter. (a) Losses, (b) microwave effective index, (c) characteristic
impedance, (d) voltage-length product.
of the electrode transitions. With respect to previous structures of copla-
nar waveguide (CPW) modulator [58], the proposed layout offers several
advantages, summarized in Table 4.2.
Driving voltages (for similar device length) are close to those offered
by dual drive structures (two waveguides under two hot electrodes driven
by opposite sign voltages), with the advantage of being single drive, hence
in the absence of any synchronization issue between two microwave lines.
On the other hand the typical single-drive structure in single-domain z-cut
has one of the two waveguides under the ground electrode, which induces
a lower electro-optic effect due to field spreading compared to the other
waveguide under the narrower hot electrode. The result is that the typical
driving voltage is about 1.5 times that of a dual-drive structure and 1.4
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Structure V L (V)cm   Chirp() RF drive
LiNbO3 physical limit  3:6 1 0 Single
Standard CPW [50]  12 0.3 6= 0 Dual
Dual drive CPW [50]  8 0.45 Arbitrary Single
CPW with longitudinal DI [58]  12 0.3  0 Single
DI push-pull [4]  9 0.4 0 Single
Ridge [54, 66]  6 0.6  0 Single
Thin plate [69, 74]  9 0.4  0 Single
Table 4.2: Comparison of the performances of different configurations.
times that of the proposed geometry.
Device Fabrication
As an experimental demonstration of this type of modulator, a single-
drive Mach-Zehnder interferometer was designed and fabricated. The ac-
tive length of the device was  40 mm. Ti in-diffusion waveguides were
fabricated on a 0:5 mm thick LiNbO3 crystal. A high-voltage (>10kV)
pulsed poling (see section 3.2) was performed in order to obtain cross
sectional inverted domains (Fig.4.8). After DI, the modulator chip under-
went to standard fabrication processes, e.g. silica buffer layer deposition,
electroplated thick electrodes ( Fig. 4.9), end-faces lapping and polish-
ing. Fig. 4.10 shows the microwave reflection coefficient (jS11j) and the
corresponding EO frequency response (jS21j). From the figure one can
see that the electrical reflection is always below  10 dB and the  3 dB
EO bandwidth is 13.5 GHz. The corresponding switching voltage is2V
(measured at 1 kHz). Therefore the modulator could easily be driven with
significant extinction by a low-cost Si-Ge driver, which typically provide
less than 3V at 10 Gb/s. Fig. 4.11 reports the system measurement setup
and the eye diagram obtained for the low-voltage modulator fabricated
employing a Inphi 1015EA driver.
The eye opening shows a performance suitable for standard optical
communication at 10 Gb/s, including an extinction ratio of 13.65 dB and
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Figure 4.8: Opposite oriented domains in a DI modulator revealed by
differential HF etching. z-domains are etched while z+ remain intact.
a) b)
Figure 4.9: Thick electroplated electrodes: (a) microscope image, (b)
SEM image.
overall optical losses < 2dB at a wavelength of 1550 nm.
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2 4 6 8 10 12 14 16 18 20
Frequency [GHz]
a)
4 6 8 10 12 14 16 18 20
Frequency [GHz]
b)
Figure 4.10: (a) DI modulator electrical reflection (jS11j) and (b) electro-
optic response (jS21j).
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a)
b)
Figure 4.11: Test setup (a) and eye diagrammeasures showing wide open-
ing at 10 Gb/s (b).
4.5 Advanced Applications
4.5.1 New Modulation Formats
LN optical intensity modulators are key components in current long-haul
WDM high-bit-rate optical communications systems. Nevertheless, novel
optical modulators using alternative modulation formats and new archi-
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tectures are being actively studied in order to match the requirements of
next generation systems. On the one hand, these systems will require cost
efficiency and adaptability to new environments, such as access networks.
On the other hand, a higher capacity over long distance links and core net-
works will be necessary, primarily due to video applications. Therefore,
after years of technology development, the 40 Gb/s is now moving to a
generalized deployment phase. Various modulation formats are today em-
ployed for 40 Gb/s transmission, with main focus on DPSK and DQPSK,
both relying on phase modulation in place of the conventional amplitude
modulation. In the DPSK modulation format the information is phase
encoded, with an optical phase switch occurring between different bits.
Most often, a Mach-Zehnder modulator is employed, where a modulation
over 2V causes the phase transitions to occur between two neighboring
maxima. In this way, the two states exhibit same (full) amplitude, but
they show opposite phase. Since modulation occurs over 2V, low driv-
ing voltage is essential in order to decrease the power consumption of
the complete system. While DPSK is a binary format (i.e. generates one
bit per symbol), with DQPSK two symbols per bit are encoded (quater-
nary format). This allows for considerably better spectral efficiency and
brings significant advantage in terms of tolerance to chromatic dispersion
and, particularly, to Polarization Mode Dispersion (PMD). To realize the
DQPSK modulation, the optical modulator is a key element. This for-
mat is generally achieved by employing a nested Mach-Zehnder device,
where two MZ modulators are included in a larger interferometer (see
scheme in Fig. 4.12). The inner modulators are to be modulated over
2V, but at half rate with respect to DPSK. Reported devices are able to
deliver 80 Gb/s DQPSK signals using a double drive signal with an am-
plitude of 6.5V [75, 76]. Similar LiNbO3 devices are being studied also
to perform simultaneous transmission of baseband and radio signals on
a single optical wavelength. Due to the fast increase of high data rate
demands of wireless and wired networks during the last years, it is de-
sirable to merge both into a single shared infrastructure in order to save
costs. One possibility is to modulate and transmit RF and FTTH base-
band signals using one external modulator. It has been proposed to use a
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nested MZ interferometric structure in LiNbO3 for this purpose. In this
structure, the RF modulation is implemented in double-side-band carrier-
suppressed (DSBCS) amplitude modulation format with a capacity of 622
Mb/s; whereas the baseband signal at 1.25 Gb/s modulated and transmit-
ted using the carrier wave of the same wavelength [77]. Single side-band
(SSB) modulation format is also especially useful in optical fiber commu-
nication systems. This format requires a narrower operating bandwidth,
which makes it adequate for high density wavelength multiplexing. It
is also advantageous for long-haul fiber transmission due to less nonlin-
ear optical effects, because of the reduced optical power. One proposed
device for this modulation consists of a nested MZ interferometer that
works as four parallel phase modulators, driven by signals which are =2
shifted [78]. Another approach for SSB modulation employs a single MZ
Figure 4.12: Scheme of a DQPSK modulator based on a nested MZ with
two indipendent RF inputs (RF1 and RF2) and bias (Vb1 and Vb2). A
phase shift is applied by the voltage Vphase to set the working point.
interferometer combined with domain inversion (DI) and a resonant elec-
trode. This modulator has a narrow operating bandwidth because of the
resonance effect, with a center frequency of 15 GHz. However, the re-
quired modulation power is rather small compared to the traveling wave
modulators and it is useful for radio-over-fiber (ROF) applications [79].
Designs with a three-branch waveguide interferometer have been recently
applied to single-sideband carrier- suppressed (SSBCS) modulation and
optical frequency shifting operating at a frequency of 15 GHz. Arbitrary
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control of the phase of optical modulation was also obtained by using the
DI engineering. These devices are able to notably contribute to ROF sys-
tems and long-haul optical fiber communications due to the optimum use
of the transmission bandwidth. Moreover, optical frequency shifting is
very attractive in precision laser spectroscopy, quantum optics, and opti-
cal measurement systems [80].
4.5.2 Integration with tunable lasers and electronics
Figure 4.13: Scheme of a DQPSK integrated modulator board comprising
also laser source, bias control electronics and driver.
Although reduction in driving voltage can lead to more compact mod-
ulators and to an overall cost reduction, packaging costs still account for
the majority of device cost. To address this issue there has been in the last
years an increasing interest towards integration. The possibility of includ-
ing several components in the same package also enables more efficient
interconnection between the parts and better inter-operability. Lithium
niobate modulators lend themselves to integration at several levels. On
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one hand they need an electrical input driving signal with amplitude of
few volts, which is made available by using an RF amplifier. Integrating
the driver amplifier with the LiNbO3 modulator brings a number of advan-
tages. First of all, the design of the modulator and of the driver may be op-
timized for optimal mutual match including e.g. bandwidth optimization
and impedance matching. Moreover, the driver design may be optimized
so that the output driver voltage is consistent with modulator requirements
with the goal of minimizing power consumption. In this respect, lower-
ing the driving voltage brings a substantial advantage. In addition, the
electrical interconnections between driver and modulator may be reduced
in number (driver can be wire bonded to the lithium niobate device) and
optimized in performances with advantages in terms of reduced loss and
electrical reflections, and lower cost. For example, by avoiding the use
of the conventional RF connectors between driver and modulator, a cost
reduction of few tens dollars per device is achieved. Tunability is also
key in today’s optical networks. The reason for the interest into tunable
wavelengths is twofold. Firstly, tunable sources reduce the inventory as
a single part may be employed for any transmission channel as opposed
the need for one part number per channel. Secondly, tunable sources
pave the way towards reconfigurable networks which allow for extended
flexibility in terms of wavelength management and traffic routing, with
the eventual advantage of more efficient operation and ultimately reduced
operating cost. Also in this respect, lithium niobate modulators find their
perfect application thanks to the material transparency across C+L band,
in contrast to e.g. electro-absorption modulators which generally limit
their operating wavelength range to few channels. Integration of tunable
laser with lithium niobate modulator is another trend in today’s telecom
market where integrated tunable laser-modulator assemblies are already
commercially available (e.g. JDSU [81]). Besides reducing costs, a key
benefit of laser-modulator integration lies in the reduced space occupancy
with respect to the discrete approach. This facilitates the development of
small form factor line-cards and transponders, in line with today’s general
effort aiming at reducing optical interface dimensions.

Chapter 5
Integrated electric field sensor
for high voltage measurement
5.1 Introduction
Over the last few years, the need for intense electromagnetic field sensing
technology has widely increased, playing a critical role in various sci-
entific and technical areas, especially in the power industry and in elec-
tromagnetic compatibility measurements. Various studies have been car-
ried out concerning electric field emission from transmission lines and
the effects on people living or working close to these sources. Nowadays,
the assessment of the electromagnetic compatibility of electric devices is
needed to satisfy stringent emission requirements. For more efficient and
reliable operation of ultra high voltage power systems, the electric field
strength, in high voltage machines must be accurately measured. In elec-
trostatic applications, it is mainly DC electric field which is applicable.
The presence of electrostatic charges is a major concern in the process
industry where a build-up of the charge could lead to hazards to opera-
tors handling material or equipment or to a possible explosion or fire. In
microelectronic industry, the measurement of electric fields is important
in the manufacture of silicon devices as stray charge can destroy sensi-
tive circuits. In medicine, it was found that complex electronic devices
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may interfere with electromagnetic fields. Even devices implanted in hu-
man bodies such as pacemaker may be influenced by surrounding fields.
Furthermore, electric, magnetic and electromagnetic fields interact with
biological systems. In medicine the interaction can be employed benefi-
cially for diagnosis and therapy but can be harmful as well. Conventional
electric field meters typically use conductive parts, which can interfere
with the field to be measured, and are very sensitive to electromagnetic
noise. Moreover, frequency bandwidth limitations and 50
 characteristic
impedance in the case of RF waveguide based sensors limit the scope of
applicability of such technology. Electro-optic (EO) devices present sev-
eral intrinsic advantages compared to their electronic counterparts such as
noise immunity, feasibility of electrode-free operation and consequently
the possibility of operating even in harsh or dangerous environments.
5.2 Electric Field Optical Sensors: State of the
art
At the beginning of the 1970’s, researchers started to work on optical
methods for voltage and current measurement in high voltage environ-
ment [82, 83, 84], as an attractive alternative to conventional electric
field meters, e.g. potential transducers (PT) or current transformers (CT).
Most optical sensors developed in the 1970’s used bulk electro-optic or
magneto-optic crystals and were interrogated using free space links (Fig.
5.1). New materials such as bismuth silicon oxide (BSO) and bismuth
germanium oxide (BGO) became available. In [85] the authors realized
the advantages of these isotropic cubic crystals and in 1980 demonstrated
a high intensity electric field sensor based on BSO crystal. Compared
to uniaxial crystals (crystals with a rotational index ellipsoid and natu-
ral birefringence), such as Lithium Niobate (LiNbO3), Lithium Tantalate
(LiTaO3) and potassium dihydrogen phosphate (KDP) group of crystals,
the isotropic BSO and BGO crystals do not possess the natural birefrin-
gence or pyroelectricity which significantly influences temperature stabil-
ity. Thus a remarkable temperature stability of 3% was achieved over
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the range from 15C to 70C. The electric field was measured in the range
from 15 to 200kV/m with linearity better than 1%. This sensor was im-
proved by the same research group later in 1982 [86]. It was found that the
temperature dependence of the crystal optical activity can be decreased by
properly choosing the length of the crystal. This improved the tempera-
ture stability to 0:2% over the temperature range from 15C to 70C.
The rapid development of electro-optic and fiber optic technologies has
brought to make compact field sensors using integrated optics technology.
Compared to bulk electro-optic sensors, integrated devices can offer some
advantages like size reduction and simplicity of design with no need for
lenses, quarter-wave plate and polarizers [87, 88]. Since the piezoelec-
tric resonances can be shifted up to higher frequencies by decreasing size
of devices, the integrated optics based sensors can work as a broad band
device.
Figure 5.1: Bulk Electro-optic Sensor [89].
So far, several configurations of EO sensors based on LiNbO3 have
been reported, mostly based on waveguide interferometers [90] or bulk
polarization/phase rotation in a piezoelectric crystal [91, 92]. The latter
approach requires phase noise reduction control techniques that are typ-
ically expensive to implement and may raise long-term stability issues.
On the contrary, waveguide-based sensors directly convert the electric
field value into an optical power variation, thus simplifying the interro-
gation system and potentially lowering the cost. In this context, Mach-
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Zehnder interferometers (MZIs) are usually employed for their high sen-
sitivity. However, they typically require additional metal electrodes and
controlled biasing to work properly [93, 94]. To overcome some limita-
tions, schemes without any conductive parts based on ferroelectric poling
of the two interferometer arms have been proposed [95, 96]. Moreover,
especially for MZI, maximum measurable field intensities are typically
below the fields present in some installations, like electric plants or rail-
ways electric network. In these systems, very bulky sensors need to be
employed [97]. Alternative designs are based on Bragg grating in LiNbO3
[98]. In the past years, cut-off devices have already been proposed in
LiNbO3. In particular, the use of waveguides at cutoff was proposed
for modulation in the field of optical communications [99, 100, 101] and
sensing [102]. The use of LiNbO3 electro-optic sensors is also attractive
for wide-band sensing schemes, based on the high frequency response
of such devices, reaching potentially up to several GHz. Sensing wide-
band electric fields is currently a potential application in optoelectronic
instrumentation, aiming to measure static and dynamic electric fields in
electric power equipment, generation and distribution of electrical power,
telecommunication equipment and facilities, medical applications, etc.
5.3 Objectives of this work
The aim of this research is to investigate the possibility of precise mea-
surement of wide-band high electric fields using a passive, all dielec-
tric and Electro Magnetic Interference (EMI) immune sensor. The sen-
sor should use the linear electro-optic effect in LiNbO3. A novel ap-
proach is proposed for electric field sensing. It is based on an annealed
proton-exchange waveguide at cut-off and on micro-structured domain
engineered ferroelectric crystal. Moreover, the device should be simple,
low cost and without the drawbacks of interferometric and metal cover
structures. These features should make it suited for use in harsh condi-
tions - e.g. power stations and transmission lines - without any danger for
the operator or risk of damage of the sensor head.
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5.4 Considerations
The literature review revealed that the most common optical techniques
for electric field measurements are based on the electro-optic and piezo-
electric effects. It was shown that techniques based on Mach-Zehnder
interferometer-schemes can be very sensitive to DC and low frequency
field, however, their temperature stability is poor and they require a bias
control to work properly. On the other hand, probes based on the electro-
optic effects may have very good temperature stability. Their sensitivity
is, however, lower. Taking into account the importance of the sensor sta-
bility to environmental changes, size of the sensor, disturbance of the
measured field and complexity of the output signal processing design, the
linear electro-optic effect has been chosen for the electric field sensor to
be realized.
5.5 Effect of the internal space charge
One of the most important criteria for building a DC field sensor is the
requirement of a high resistivity of the electro-optic crystal and an elimi-
nation of the photoconductivity effect in the crystal. When a crystal of a
finite resistivity is exposed to a static electric field, the free charge carriers
start drifting along the electric field lines and accumulate on the crystal
boundaries. The accumulated space charge generates an electric field with
orientation opposite to the original internal field. Therefore, the resultant
field, which is a superposition of the original field and the field of accu-
mulated space charge, continuously decreases. The speed of this process
depends on the density of free charge carriers which is proportional to
the crystal conductivity [103]. The macroscopic internal field Eint(t) in
a crystal exposed to a static external field Eext(t) decreases exponentially
as:
Eint(t) = Eint0e
t
 = Eint0e

tr0 (5.1)
where r, 0 are the crystal relative permittivity and permittivity of
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vacuum respectively,  is the crystal conductivity and
 =
r0

(5.2)
is the charge relaxation time constant. Since the electro-optic effect is
caused by the internal electric field, the sensor output does not correspond
to the measured static field but to the decaying internal field. It is evident
that if the crystal is not to be rotated, the conductivity of the electro-optic
crystal needs to be considered in the first place. Its low value can make the
crystal unsuitable for low frequency and DC field sensing. Being LiNbO3
an insulator, its conductivity depends on thermal excitation of free charge
carriers, and on the concentration of lattice defects. Another source of free
charge carriers inside crystals is represented by the photoconductivity ef-
fect. In this case the excitation energy necessary to generate the carriers
is supplied by a flux of photons with energies h, where  stands for fre-
quency of light and h for the Plank constant. In intrinsic materials, the
photon energy must be enough to excite electrons from valence band to
the conduction band. The wavelength c of the light at which the photon
energy is equal to the band gap energy defines intrinsic absorption edge.
At wavelengths  < c, the laser radiation is strongly absorbed in the
crystal. This strong absorption is accompanied by increase in conductiv-
ity due to the photoconductivity effect. The critical wavelength represents
a limit for the wavelength of optical sources used in the sensor [104]. The
relaxation time constant  , is used to estimate the effect of crystal conduc-
tivity on an electro-optic sensor at DC and low frequencies. Application
of the Laplace transformation on a system characterized by time constant
 as in 5.2 gives the cut-off frequency of f3dB = 1=2 , at which the
sensor response is decreased by 3dB. Table 5.1 [103] shows the conduc-
tivity of LiNbO3 compared with selected cubic crystals, together with the
critical wavelength c and the time relaxation constant  .
The low values of time constants imply that crystals like gallium ar-
senide (GaAs), gallium phosphide (GaP) and zinc selenide (ZnSe) are
theoretically not suitable for DC and low frequency applications. ZnS,
ZnTe and CdTe have relatively high resistivity but they are still unsuitable
for DC applications. They can be used for low frequency applications
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LiNbO3 GaAs GaP ZnS ZnSe ZnTe Bi4Ge3O12 BSO BGO
symmetry 3m 43m 43m 43m 43m 43m 43m 23 23
c[nm] 350 920 552 345 480 549 - 394 394
[S/m] 1E-16 1E-5 - 1E-8 1E-6 1E-7 1E-13 1E-9 2E-12
r 85 13.2 10 8.3 9.1 10.1 16 40 56
f3dB 2E-8 14469 - 11 198 18 1E-4 0.56 6E-4
 [s] 7E16 1E-5 - 1E-2 8E-4 9E-3 1380 0.28 248
Table 5.1: Comparison among LiNbO3 and selected electro-optic crystals.
Point group symmetry, critical wavelength c, specific conductivity ,
relative permittivity r and charge relaxation time constant  .
because of their relatively low limit frequencies but the decay of the DC
internal electric field due to the conductivity effect is still very fast. On
the contrary, LiNbO3 has high enough resistivity, which makes it suitable
for DC and low frequency measurements as well as wide band operations.
5.6 Device Design
The previous section reviewed the material properties and it was shown
that LiNbO3 is an appropriate crystal suitable for wide-band electric field
sensing. This section presents the proposed device design, which is sket-
ched in Fig. 5.1 [105]. An annealed proton exchange (APE) waveguide
fabricated in z-cut LiNbO3 is centered in a domain inverted region. On
the application of an external electric field parallel to the z axis of the
device, the refractive index in the central inverted domain decreases while
it increases in the external domains.
Thus, the optical mode will broaden so that, after a sufficient propa-
gation length, a loss is produced due to a mode-profile mismatch of the
guided modes between active and passive regions. The index difference
change between positive and negative domains is given by:
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Figure 5.2: Top view and cross-section schematics of the electric field
sensor. APEwaveguide is centered in the domain-inverted region of width
Wp.
n = 2  n
3
e
2
r33E (5.3)
where E is the intensity of the external electric field along the z-axis,
ne = 2:14 and r33 = 30:8 pm/V are the refractive index and the electro-
optic coefficient along the z-axis, respectively, [106]. Limiting the exter-
nal field E below the coercive field of LiNbO3 (Ec= 21.4 MV/m), from
equation 5.3 an index change (n) of 6:037  10 3 can be calculated
for E = 20 MV/m. Taking into account the configuration and limitation
of the experimental characterization set-up described hereafter (see Fig.
5.6), the behavior of the devices were numerically simulated for different
waveguides and poled region parameters. The device waveguides were
formed by APE technique (section 3.1), which leads to an increase of the
refractive index in the exchanged region [24]. The y-propagating channel
waveguides in z-cut LiNbO3 had different width, (ranging from 3-7m)
in order to be near cut-off at the optical wavelength of 1.55 m, and to
give the adequate dynamic range for high electric field detection. The
increased refractive index contour is given by:
n(x; z) = nsub +ne [f(x)g(z)] (5.4)
where
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f(x) =
1
2

erf

w   x
dx

+ erf

w + x
dx

(5.5)
and
g(z) = exp

 z
d
2
(5.6)
where nsub is the extraordinary refractive index of LiNbO3,ne is the
maximum index change due to proton exchange, 2w is the mask width and
dx and d are the diffusion lengths in the x and z directions, respectively.
The behavior of the sensor was studied, via a beam propagation method
(BPM) simulation software, along with different waveguide widths and
depths, while varying the width of the central poled region (Wp= 6, 10,
15, 20 m) for the set of channel waveguides considered above. The
numerical simulations indicated that the optimum parameters in order to
obtain high sensitivity for strong electric fields correspond to a poling
region of 10 m width and 3.5 m wide waveguide (Fig. 5.2 and Fig.
5.3).
5.7 Device Fabrication
The devices, having a 20mm overall length and poled (active) region rang-
ing from 2.5 to 10mm, were fabricated starting from domain inversion by
electric field poling. A 3.3 m-thick layer of resist AZ4533 was spun
on the z- face and used as an insulator layer after patterning and hard-
baking at 140C for 1 hour. The inverted domains were then revealed
via differential etching in hydrofluoric acid for alignment purposes. The
after-etching height difference between z+ and z- domains was around 90
nm. Fig. 5.5 shows the poled domains and illustrates the position of the
waveguides in their center. According to the simulations, the etching step
didn’t affect the optical mode even in the presence of an electric field. A
200-nm-thick aluminum mask layer was patterned on the substrate and
deposited via lift-off process using a lithography mask containing sets
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Figure 5.3: BPM simulations of the optical mode intensity for a 3.5m
width waveguide for different domain region width Wp.
of channel waveguides that were aligned with the center of the inverted
regions. The samples were then immersed for 30 min at 210C in ben-
zoic acid buffered with 1% of lithium benzoate and then annealed in air
for 11 hours at 360C. This procedure produce the formation of -phase
proton exchange (PE: LiNbO3) waveguides with extraordinary index step
ne  0:02 on the surface and smooth Fermi-like profiles with effective
depths in the 4-5 m range. The aluminum mask was then removed, the
samples diced and the faces were end polished.
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Figure 5.4: BPM simulation of the transmission power versus the length
of the active region for different domain region width Wp taking n as
parameter.
Figure 5.5: SEM image showing the domain inverted regions revealed by
HF differential etching and position of the optical waveguides.
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5.8 Device Characterization
5.8.1 Low Frequency measurement
Firstly, the device with 10 mm poled region was tested at low frequency
using the experimental set-up shown in Fig.5.6(left). The sensor behavior
was characterized without and with the presence of air-LiNbO3 interface.
In the first case, a silica buffer layer was deposited on top of the waveguide
and the sample was then held between two electrode plates. The light
from a 1mW tunable laser centered at a wavelength () of 1.55m was
coupled into the sensor through a standard fiber. A polarization controller
allowed choosing the correct light polarization in order to excite the TM
mode of the channel waveguide. The electric field was then applied to the
capacitor by a high-voltage amplifier.
Figure 5.6: Block diagram of the test set up. Left (blue): DC test con-
figuration. HV, high voltage amplifier, OPM, optical power meter. Right
(red): High frequency configuration. HP Signal Generator, Hamamatsu
Spectrum Analyzer. PC, polarization controller, FB, fiber block, PD,
photo detector.
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In this setup the sensor was aligned with its poling axis parallel to the
linearly polarized electric field. Fig.5.7 shows the optical transmission
change as a function of the internal field in the LiNbO3 waveguide region,
together with simulations obtained for different poling region widths.
It can be seen that there is a good agreement between measured and
calculated values and up to a maximum field (limited by the set-up) of
2.6 MV/m. The optical power meter used for the measurements was an
ILX Lightwave FMP-8210 (resolution0.001dB), which allows to stably
measure optical power increments of 0.01 dB. From these parameters
Figure 5.7: Experimental results (red) of DC measurement compared to
the simulated behavior of the device (blue) for different poling region
widths for a waveguide of 3.5 m. The active (poled) length is 10mm.
and the collected data, a minimum detectable DC field of about 20kV/m
can be estimated. In order to understand the possible influence of fringe
effects given by the parallel plate setup, the dependence of the sensor’s
response on the length of the poled regions was also tested. As shown
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in Fig.5.8, the sensitivity monotonically depends on the length. This fea-
ture gives the possibility to tailor the device sensitivity to different electric
field ranges, in order to fulfill the various requirements that might arise in
different types of applications.
Figure 5.8: Optical transmission vs. internal electric field for three differ-
ent lengths of active region.
Sensor Calibration
When the optical waveguide is used as a dielectric sensor, no electrodes
are associated with the crystal and the electric field is present in the di-
electric environment (most commonly air, n = 1), surrounding the LiNbO3
crystal. As already said above, at very low frequency (below 1 kHz), the
interface between air and LiNbO3 may play an important role due to the
low surface conductivity of the substrate and its high permittivity. For
this reason, the device was tested in the presence of an air gap and com-
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pared it with the previous results where the metal electrodes were in con-
tact with the LiNbO3 chip, apart from a 50nm thick silica buffer layer.
Fig.5.9 presents the experimental set-up used. The electric field was gen-
erated by applying a high voltage to a set of parallel metallic plates. The
electro-optic sensor was placed between the plates, but not in contact with
them, as an air layer of thickness (dair) separates the upper plate from the
LiNbO3 crystal of thickness (dLiNbO3 ). As the plates were wide enough
(50 mm) and the optical waveguide is 3.5 m wide, the sensed electric
field was considered uniform in the waveguide. As illustrated in Fig.5.9,
the electric field in the air Eair, finds a boundary condition on the surface
of the electro-optic sensor. The discontinuity is determined by the permit-
tivity of the air ("air = 1) and of the crystal ("LiNbO3  35), respectively.
LiNbO3
Air
ε=1
ε=35
V
Eair
ELiNbO3
APE waveguide
Figure 5.9: Dielectric Electric Field Sensor.
LiNbO3 crystal as V = Vair + VLiNbO3 . The electric field across the
electro-optic crystal is:
ELiNbO3 =
VLiNbO3
dLiNbO3
(5.7)
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As the electric field is perpendicular to the crystal surface and con-
sidering the boundary conditions between two dielectric media, the rela-
tionship between the normal electric fields is:
"airEair = "LiNbO3ELiNbO3 (5.8)
In the optical waveguide, the sensed electric field ELiNbO3 is given as:
ELiNbO3 =
"air
"LiNbO3
Eair (5.9)
The sensed electric field is  35 times weaker than the electric field
in the air layer over the sensor surface. The measurement performed for
an air gap dair=50m is shown in Fig.5.10. The sensitivity of the de-
vice, scaled with respect to the calculated internal field, is increased in
the presence of an air gap, thus indicating the presence of interface ef-
fects, possibly surface charges that partly compensate the induced bound
charges in the dielectric (LiNbO3) region. In other words, the screening
makes the real internal field larger than the calculated one.
For this reason, in a practical case, a calibration prior to the measure-
ment of the field is needed, similarly to what is reported in [103, 89].
5.8.2 High Frequency measurement
The high-frequency testing setup is schematically shown in Fig. 5.6(right).
The optical interconnections and laser source are identical to the ones
used in the DC measurements, while the electric setup has been designed
to measure frequencies around 1 GHz. The receiving part included a
wideband photo detector (Thorlabs PDA8GS with BW of 8GHz) coupled
to a low noise RF amplifier (Mini-Circuits 40dB gain with BW of 1100
MHz) and an RF Spectrum Analyzer. The RF signal was supplied by an
HP8642 signal generator and radiated by a micro strip patch antenna de-
signed to have the fundamental resonance at 1.1GHz. Elimination of RF
spurious peaks in elements such as the laser and the photo receiver was
ensured by shielding the components and separating them from the RF
source by tens of meters.
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Figure 5.10: Effect on the measurements of air gap between electrodes.
A typical spectrum of detected RF is shown in Fig.5.11, showing a
clear peak at 1.1 GHz for an electric field E=14kV/m. The dependence of
the modulated light intensity on the applied electric field intensity is plot-
ted in Fig.5.12. It can be seen that the device exhibits a linear dynamic
range greater than 60 dB, with a responsivity equal to 0.96 dBm/dBm. A
minimum detectable electric field of 19V/m (rms) is obtained with res-
olution bandwidth of 100Hz, and a span of 20 kHz. Due to limitations
of the signal generator and the setup, the strongest electric field we were
able to measure was 23.6 kV/m. Higher frequencies could not be tested
due to BW limitation of the power amplifier.
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Figure 5.11: Photodiode response for an electric field oscillating at 1.1
GHz. RF spectrum for E=14kV/m. A clear peak is shown.
5.9 Application of room temperature bonding
to high-voltage optical sensing
In this section we demonstrate the application potentials of the bonding
technique proposed in section 3.3 [107], for the fabrication of a high-
voltage field sensor. The scheme of the proposed device is sketched in
Fig. 5.13. An APE y-propagating waveguide in z-cut LiNbO3 is designed
to be near cutoff at the working wavelength (=1550 nm) and centered
in a domain inverted region of width Wp=10 m. The waveguide has a
width of 3.5 m and a depth of around 4 m, where the vertical profile is
assumed to be half-Gaussian with a refractive index increment of around
0.02. Another lithium niobate substrate is afterward bonded on top of the
waveguide.
The application of an external electric field parallel to the z-axis of the
device causes an increment in the refractive index in the central inverted
domain, while a decrease in the external domains. The oppositely domain
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Figure 5.12: Dependence of detected RF peak power against applied field.
inverted regions on the side of the waveguide are limited longitudinally.
The device, having a 20 mm overall length and side poled (active) region
of 10 mm, has been fabricated following the steps described in section 4.7.
Subsequently, another 500 m thick LiNbO3 substrate was bonded on top
of the waveguides by means of the surface activation method described in
the chapter 3.3. The sample was then diced and the faces were end pol-
ished. We tested the electro-optic device response at low frequency using
the experimental setup shown in Fig.5.6(left). Aluminum electrodes were
deposited on the top and bottom surfaces to provide an accurate and mea-
surable electric field across the substrate during the tests. From the mea-
surements, it was found that no significant optical losses are introduced
by the bonding process. Moreover, an insertion loss of about 1.5 dB per
facet was measured. Fig.5.13 shows the measured optical transmission
change as a function of the applied electric field in the LiNbO3 waveg-
uide, compared to the fabricated unbounded sensor response described
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Figure 5.13: Cross-section of the proposed electric field sensor. The APE
waveguide is centered in a domain inverted region of width Wp = 10m,
with lateral regions of opposite domains. A LiNbO3 substrate with do-
main orientation as that of the waveguide is bonded on top through the
technique described in chapter 2.
above. It can be seen that the sensitivity improves and we were able to es-
timate a minimum detectable field of 14 kV/m. The maximum detectable
field in the experiments was limited by the measurement setup although
in principle it could be as high as the coercive field of LiNbO3. Taking
into account that the electric field across the electro-optic crystal is given
by:
E =
V
d
(5.10)
where V is the voltage applied to the parallel plates of the capacitor
and d is the LiNbO3 thickness; it is possible to increase the sensing range
by thinning down the substrate layer. Bonding of the device on other
substrates (like SiO2) and subsequent thinning down could reduce the ca-
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pacitance of the overall device and make it suitable for RF electric field
testing.
Figure 5.14: Experimental results of DC-measurement for the bonded
electric field sensor compared to the unbounded optical sensor. Both de-
vices are formed by a cut-off waveguide of 3.5 m width and an active
(poled) length of 10 mm.
5.10 Summary
It has been demonstrated that Lithium Niobate can be used as a sensing
element in DC field sensor. Sensing schemes based on MZ interferometer
can be really accurate with the drawback of a bias control to work prop-
erly. Two new devices have been fabricated through the micro-fabrication
techniques developed during this work. Device features allow operating
the sensors without the use of any metal antenna, making them suitable
for use in power stations and transmission lines.

Chapter 6
Conclusions
The aim of this work has been the development and exploitation of micro-
nano fabrication techniques for next generation integrated devices in Li-
thium Niobate for optical communication and sensing. This thesis was
motivated by mid-term market trends in optical communication and sens-
ing, as described in the introduction and fueled also via industrial col-
laborations that the group has been having with two leading companies,
Avanex Corporation (now Oclaro Inc.) and ABB.
6.1 Main achievements
6.1.1 Development of micro-nano fabrication techniques
In the first part of this thesis, the main properties of LiNbO3 have been
discussed. The material presents an attractive combination of properties
and allows several waveguide fabrication techniques, such as proton ex-
change (PE) and titanium in-diffusion.
 A new method for PE waveguide fabrication over 3 inch z-cut Li-
NbO3 wafers was presented. Particular attention has been paid to
the set-up design in order to guarantee a good homogeneity over the
entire substrate area. The standard deviation of the refractive index
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increment was of the order of 6  10 4. Therefore, the procedure
was used in the design of low-loss waveguide based devices.
 Poling of lithium niobate crystals (PPLN) by means of an electric
field was developed, now available over up to 4” substrate. Fine
tuning of poling structures with high resolution (< 1m) has played
a central role in current research and it has made possible the devel-
opment of several devices where the domain boundaries were very
close to the waveguides.
 A novel method to obtain room temperature bonding of LiNbO3 to
LiNbO3, LiNbO3 to Si and LiNbO3 to fused SiO2 was developed.
The effect on the LiNbO3 surface free energy of chemical cleaning
and plasma activation treatments was systematically investigated.
The results allowed an optimal procedure to obtain strong bond-
ing at room temperature. The high strength of the bonding was
confirmed by the fact that the hybrid materials could withstand me-
chanical dicing, with the LiNbO3 layer lapped and optically pol-
ished down to 10 m thickness, without any sign of damage. Both
bonding and thinning processes for hybrid materials are enabling
technologies for a new generation of high performing and compact
integrated optical devices.
6.1.2 Low voltage DI waveguide modulator in LiNbO3
A micro-structured electro-optic waveguide LiNbO3 modulator was de-
monstrated in the thesis. It is based on the use of domain inversion
in order to enhance the electro-optical bandwidth - driving voltage ra-
tio (BW=V figure of merit). The work investigated the impact of using
domain inversion engineering for transversal modulator section. It was
experimentally demonstrated the feasibility of a modulator with a switch-
ing voltage of 2 V and a bandwidth of 15 GHz, suitable for inexpensive
ultra-low-voltage Si-Ge drivers. Besides, system measurements demon-
strated the good performance in terms of extinction ratio (> 13dB) and
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wide opening that make the device suitable for 10 Gb/s optical fiber trans-
mission.
6.1.3 Electrode-free sensor in z-cut LiNbO3 waveguide
An all-optical electric field sensor in LiNbO3 based on a waveguide near
cut-off and domain inversion was demonstrated. The device was fabri-
cated through electric field poling and proton exchange waveguide forma-
tion. Moreover, the proposed device allows operation without any elec-
trically conductive material on the chip nor in its surroundings. In the
experiments, it was possible to measure electric field strengths as high as
2.6 MV/m at low frequencies. The device has been also tested at 1.1 GHz
and an electric field with intensities ranging from 19 V/m to 23 kV/m was
measured. The resulting linear dynamic range was greater than 60 dB.
The sensitivity of the device can be adjusted-decreased or increased-to
fulfill specific application requirements in terms of detectable field ranges
by tailoring the waveguide parameters. A straightforward improvement
of the sensitivity can be achieved by reducing the effective index of the
waveguide by means of the annealing. It has been shown that the use of
bonding technique is an effective mean to increase sensor sensitivity at
DC. A domain inverted bonded sensor was characterized and it was able
to measure field as high as 2 kV mm 1 at extremely low frequency. Fur-
thermore, thanks to the insensitivity of the sensors to fields perpendicular
to the z-axis of the crystal, three dimensional full-vectorial measurements
can be readily obtained by mounting three sensors in orthogonal direc-
tions. These features make the devices suitable for the use in high electric
field and harsh conditions, e.g. power stations and transmission lines,
without any danger for the operator.
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6.2 Future Outlook
6.2.1 Optical modulator
As a future development, LiNbO3 modulators can use micro-structuring
to cope with the challenges of the new modulation formats like DQPSK
and SSB that are directed to an increase of spectral efficiency in the modu-
lation which is particularly important when moving to tenths of Gb/s net-
works. New modulators structures like ridge, thin plate (Fig.6.1) and do-
main inverted can be effective while their fabrication processes (etching,
polishing, bonding and electric field poling) are easily scalable to large
mass production. Moreover, the integration of new materials, e.g. new
polymers as buffered layers, could further reduce fabrication costs even
more as they only require spin coating process to be deposited instead of
conventional deposition process (e-beam and sputtering deposition).
v
low index insulator
DI LiNbO
3
Si
z
xy
10μm
Figure 6.1: Thin plate DI bonded LiNbO3 modulator. The modulator
is bonded on top of a Si substrate. This configuration could be easily
integrated with tunable laser and electronics thus reducing overall set-up
costs.
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6.2.2 Optical sensor
The first step, in order to advance with respect to the work presented in the
thesis, should be field testing of the devices developed so far. Laboratory
test are not sufficient to ensure the successful application of these devices
in the environment where they are to be employed. Most importantly,
long term stability and environmental test need to be performed in order
to take into account the effects of possible space charged environment and
humidity. The temperature stability of the sensor should also be tested.
Temperature compensation of Lithium Niobate is a real challenge and
a temperature compensation system for the device might be necessary.
The detection system needs also be improved. An improvement can be
achieved by intensity modulating the laser source, for example using a
mechanical chopper or direct modulation of the laser diode current, and
the subtraction scheme in conjunction with a lock-in amplifier. Further
LiNbO3 thinning and the use of a different material substrate could allow
increasing the sensitivity even further, to fulfill other specific application
requirements.
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